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Columns play a critical role in any steel-framed building and, through compression, 
transfer loads from the elements above to the supporting base.   Due to structural 
failures of compression members, an investigation of the various design methods that 
are available is presented in this document.  With the recent tendency for design codes 
in South Africa to migrate to the Eurocodes, as seen in the SANS 10160 series [1], it 
is reasonable to assume that the SANS 10162-2 might be revised based on the 
Eurocode 3 design procedures. 
For the design of cold-formed steel compression members, an overestimation may 
cause increased financial costs and, conversely, an underestimation may cause 
structural failures.  However, there is an urgent need for the body of knowledge to be 
expanded.  Therefore, this research presents the evaluation of buckling capacities of 
five different column lengths using five different methods: 1) experimental tests; 2) 
Eurocode 3; 3) SANS 10162-2 through the Direct Strength Method (DSM); 4) 
simplified Finite Element Analysis (FEA), i.e. only beam modelling elements; and 5) 
finely graded FEA, i.e. plate modelling elements.  All columns have a 75 x 50 x 20 x 
2.0 (h x b x c x t mm) cold-formed lipped channel cross-section.  
Tensile tests were performed to determine the mechanical properties of the steel 
sections used in this investigation. The yield strength was obtained through 
experimental testing by determining the 0.2% proof yield stress. Then, statistical 
analyses of the results were carried out for all the sections through the statistical 
inference method.  The resultant yield strength was 303.4 MPa and the tensile 
(ultimate) strength of the steel was 371.45 MPa. The mean strain at fracture was 
recorded at 22.25% of a gauge length, (Lo), and the calculated elastic modulus was 
21.81 GPa.  
It is concluded from the research that the Eurocode 3 and SANS 10162-2 buckling 
resistance values overestimate the buckling loads by 23.8% and 12.7%, respectively.  
For the two finite element method buckling analyses, the simplified FEA method yields 
an overestimation of 76.9% and the finely graded FEA yields an overestimation of 
74.8%.   
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It is recommended that the DSM, as prescribed in SANS 10162-2, be used to calculate 
the buckling resistance of cold-formed lipped channels with different capacity 
reduction factors.   
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Chapter 1:  INTRODUCTION 
1.1 Background 
For the design of cold-formed steel column sections, SANS 10162-2: Cold-formed 
steel structures presents the direct strength method (DSM).  Over the last two 
decades, this method has been applied to thin-walled steel design and was added to 
the American Iron and Steel Institute cold-formed steel design code in 2004 [2].  The 
method integrates existing code design procedures with the distinctive behaviour of 
structural thin-walled steel. 
West-Russell et al. [2] carried out an assessment of the inherent reliability of SANS 
10162-2  codes for cold-formed steel columns using the DSM.  In the study, it was 
revealed that the buckling resistance of cold-formed steel compression members 
exhibits a low level of reliability while considering the safety margin presented in SANS 
10160-1: Basis of structural design codes.  Furthermore, it was revealed that the global 
buckling mode of the column members yields the lowest reliability levels.  It was 
therefore recommended that different capacity reduction factors be applied to each 
dominating buckling mode and that the DSM replace the effective width method for 
the design of cold-formed steel columns. 
In a similar study by Bauer [3], it was revealed that the safety margin achieved when 
using the DSM, as prescribed by SANS 10162-2, to design cold-formed steel 
structures does not meet the reliability target prescribed by SANS 10160-1.  In 
addition, Dundu [4] conducted a study that compared experimental results with the 
SANS 10162-2 standard code.  The research calculated the buckling resistance 
values of short cold-formed lipped channels.  It was found that the code is not 
conservative enough for the design of columns in structural members. 
Due to these uncertainties, the viability to  migrate the South African SANS 10160-2 
design standard for cold-formed steel to the Eurocode 3 – Design of steel structures 
(EC3) standard requires investigation.  The material factors considered in the 
Eurocode 3 are based on European steel material properties, and not South African 
steel material properties.  This raises the concern that the method considered for the 
calculation of the buckling resistance of cold-rolled steel sections in Eurocode 3 is 
inadequate [5]. 
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Thin-walled cold-formed lipped channel sections can be used in a wide range of 
structural members as they are lighter than hot-rolled channels and angles [6].  The 
permanent (dead), wind and imposed loadings applied in the design of a typical steel-
framed building induce compression in the column members.  In the proposed revised 
method of design, the concentrically loaded compression members must be tested 
and verified to ensure that they do not exceed the limit of the actual steel used in the 
manufacturing of South African cold-formed steel sections.   
The South African structural engineering community requires more comprehensive 
research to be carried out on all aspects pertaining to the revised design procedures 
(as per Eurocode 3) of structural elements.   
1.2 Research problem statement 
West-Russell et al. [2] and Bauer [3] investigated the statistical reliability of the DSM, 
and it was found that the safety margin of the structural resistance provided by the 
SANS 10162-2  [7] design standard is insufficient. These studies focused on two main 
points: 1) the level of reliability and 2) the safety margin of the structural resistance of 
thin-walled steel sections. 
However, a more detailed investigation into the structural resistance of thin-walled 
steel sections subject to axial loading is required if Eurocode 3 is to be adopted in 
South Africa.  Currently, existing research is lacking that integrates the Eurocode 3 
standard in South African conditions. 
1.2.1 Research objectives 
The primary objective of this study was to determine the structural buckling capacity 
of a South African cold-formed steel channel section using various methods.  From 
this, recommendations are made on the adequate analysis and design method of a 
South African cold-formed steel channel section.  In the process, this research aimed 
to: 
 identify the sufficiency of available experimental testing procedures for the 
calculation of the buckling strength for a cold-formed lipped channel section; 
 determine a relationship between the different analysis methods; and 
 determine the applicability of the Eurocode 3 standard for the design 
compression capacity of South African cold-formed lipped channel sections. 
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1.2.2 Research questions 
The following research questions were investigated: 
 What are the mechanical properties of the South African cold-formed lipped 
steel channel sections? 
 What is the experimental buckling strength of a concentrically loaded South 
African cold-formed lipped channel section? 
 What is the buckling resistance of such a section using the Eurocode 3 design 
code? 
 What is the buckling resistance of such a section using the SANS 10162-2 
design code? 
 Is finite element analysis (FEA) an appropriate modelling method to determine 
the buckling behaviour? 
 How do the different analysis methods compare? 
1.3 The significance of the research 
With the tendency for design codes in South Africa to migrate towards the Eurocodes, 
as seen in the SANS 10160 series [1], it is reasonable to assume that the SANS10162-
2 might be revised on the basis of the Eurocode 3 design procedures.  With this in 
mind, this research adds to the body of knowledge regarding the design of columns 
with South African steel.   
The findings of this research will build the confidence of the design engineer in the 
South African design codes, pertaining that it is on par with international standards if 
not better. This study assists in identifying if any shortcomings are in the methods 
adopted in South Africa.  Therefore, this study contributes immensely to the field, and 
it further provides significant and lasting contribution to the knowledge of structural 
engineering. 
1.4 Limitations 
In order to analyse a thin-walled compression member using the DSM, there are 
certain limitations that need to be considered.  Only prequalified sections may be used 
as presented in SANS 10162-2.  This study considered a 75 x 50 x 20 x 2.0 cold-
formed lipped channel, with variations in length being controlled as a variable.  This 
selection was based on the optimisation geometric design constraints for cold-formed 
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steel channel columns, as presented by Ye [8].  Beyond the design optimisation 
constraints, the section was selected due to its availability and convenience as it is the 
lightest structural cold-formed lipped channel section commercially available. 
This study investigated only the structural capacity of a compression member and 
excluded any reliability level investigations.  The scope of the work focused only on 
the structural design procedures of cold-formed lipped channels under compression 
as per the Eurocode 3 and SANS 10162-2 methods, and no other international design 
codes were considered.  Eurocode 3 only applies to the design of buildings and civil 
engineering works in steel and is concerned only with requirements for resistance, 
serviceability, durability and fire resistance of steel structures. 
All FEA models were generated in Strand 7 and consist of beam modelling elements 
and plate modelling elements.   
Accidental loading was excluded from this study.  It is important to note that this study 
did not take partial loading factors into account as prescribed by loading codes.   
1.5 The layout of the document 
This document is set out systematically to cover the following: 
1) A literature review of elements required for this research; 
a) A review of the literature on column buckling; 
i) A review of the procedures pertaining to the code-based member design 
(Eurocode 3 and SANS 10162-2), 
ii) A review of the procedures pertaining to alternative design methods 
(experimental and FEA), 
b) A review of similar work previously completed; and 
c) Literature review of miscellaneous elements required for this research. 
2) Column design methodology; 
a) Experimental testing, 
b) Critical buckling loads from first principles, 
c) As per Eurocode 3, 
d) As per SANS 10162-2 (DSM),  
e) FEM: simplified model analyses; and 
f) FEM: fine model analyses. 
A comparison investigation into analysis methods to determine the buckling  
capacity of South African cold-formed steel lipped channel sections 
5 
 
3) Results and discussion; and 
4) Conclusion and recommendations for future work. 
Statistical analyses for the tensile testing, experimental buckling, Eurocode 3 design 
calculations and SANS 10162-2 design calculations were conducted and are 
presented in Appendices A, B, C and D, respectively.  
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Chapter 2:  LITERATURE REVIEW 
2.1 Introduction 
Various procedures are available to calculate the buckling resistance of a cold-formed 
steel lipped channel section. This literature review investigated the following methods: 
a) Buckling from first principles; 
b) Experimental testing; 
c) As per Eurocode 3; 
d) As per SANS 10162-2 (DSM); 
e) FEM: simplified model analyses; and 
f) FEM: fine model analyses.  
Additionally, a review of an appropriate method to conduct a statistical analysis of the 
experimental samples and results is presented. Statistical analyses are required to 
improve the confidence level of the results. 
2.2 Buckling from first principles 
The buckling of a structural member is defined as a mode of failure. This is directly 
linked to the stability of a structure, and if buckling occurs, then the member is 
unstable.  Only members that are subject to axial compression loads are capable of 
failing in buckling.  Buckling occurs when the applied compressive axial load is greater 
than the critical load (limit between the stable and unstable condition of a member).  If 
buckling occurs, the member will experience excessive lateral deflections and will fail 
by lateral bending rather than direct compression. Euler’s buckling equation, which 





2  (1) 
Where: 
 𝑃cr  - Critical load (N) 
 E - Elastic modulus of the material (Pa) 
 I - Moment of inertia (m4) 
 𝐿𝑒𝑓𝑓 - Effective length of the member (m) 
A comparison investigation into analysis methods to determine the buckling  
capacity of South African cold-formed steel lipped channel sections 
7 
 
Buckling in a member is considered to be either elastic or inelastic.  The boundary 
between elastic and inelastic buckling for steel sections is defined by the critical 





















 - Critical slenderness ratio of the material 
 r - Radius of gyration (mm) (𝑟 = √Moment of inertia
𝐴𝑟𝑒𝑎
) 
 k - Effective length factor 
 L - Length of member (mm) 
 𝑓y - Yielding stress of material (MPa) 
If the slenderness ratio of the member is greater than the critical slenderness ratio, 
elastic buckling occurs and vice versa for inelastic buckling [10].  In order to avoid 
buckling of a member and to ensure a stable structure, SANS 10162-1 has limited the 
slenderness ratio for hot-rolled sections in compression to 200 and member in tension 
to 300 [11].  Tension members are limited in slenderness ratio to avoid sagging of a 
member under self-weight and a sudden load discharge. Sudden load discharge can 
be compared to a rope that is initially untensioned and when a tensile load is applied, 
it will be tensioned to a point where the sag in the rope is zero and tensile force starts 
acting instantaneously. 
Global buckling of a compression member is associated with flexural, torsional, or 
flexural-torsional buckling.  Other than global buckling of the member, the expected 
buckling modes for the cold-formed steel lipped channel sections are limited to local 
buckling (LB) and distortional buckling (DB) [2][4].  Local buckling is defined as the 
plate flexural failure of the lip, flange and web elements when the line junction of both 
corners does not change, as illustrated in Figure 1 (a).  Distortional buckling occurs at 
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the ultimate failure by the bending of the web in either rotational direction as illustrated 
in Figure 1 (b) and Figure 1 (c). 
 
Figure 1: Local and distortional buckling modes [4] 
Global buckling of a compression member does not involve distortion of the cross-
section; instead, out of plane translation (flexure) and/or rotation (torsion) about the 
shear centre of the entire cross-section occurs [7].  Figure 2 shows the three possible 
deformed buckling shapes associated with global buckling. Figure 2 (a), (b) and (c) 
illustrate flexural, torsional and flexural-torsional buckling modes of compression 
members, respectively. 
 
Figure 2: Global buckling mode [2] 
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Effective lengths of columns 
The prescribed effective length factors for hot-rolled steel columns are summarised in 
Figure 3 as per SANS 10162-1 [11].  These factors are prescribed for structural 
members that are subject to axial compression.  There are differences in the 
theoretical k values and recommended design values, with the exception of the pinned 
and cantilevered columns.  For the column with pinned connections at both ends, k =
1.00, and for the cantilevered columns, k = 2.00 for all end connection cases. 
 
Figure 3: Effective column length [11] 
For this investigation, only a pinned-pinned column end condition was considered.  
Thus, k = 1.00 was used for all calculation methods.  
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2.3 Experimental testing 
2.3.1 Buckling through compression tests 
In order to determine the appropriate experimental parameters of this study, the 
following were investigated:  
1. A scientifically acceptable testing methodology; 
2. How to determine the material properties of the steel; and  
3. How to determine the buckling load of a column. 
For the acceptable testing methodology, a systematic approach was followed that is 
shown in Figure 4. 
 
Figure 4: Testing method determination 
To ensure a high standard of research, the organogram in Figure 4 was generated to 
illustrate the methodical thinking applied.  The two main components required to obtain 
a scientifically acceptable test procedure were the number of samples required and a 
laboratory testing procedure for the structural members under consideration.  The 
specimen sizing required could be solved by means of statistical mathematics, from 
other experiments or a prescribed size in standards/codes. For the laboratory testing 
procedures required, two options were available: use a prescribed procedure given by 
standards/codes or generate one’s own by utilising guidance from published work on 
the topic. 
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To determine the buckling capacity of a structural steel member, a similar approach 
was followed as illustrated in Figure 5. 
 
Figure 5: Buckling capacity comparison 
For the comparison of resultant buckling capacities of the members considered in this 
study, the aforementioned five calculation methods were utilised.  The first method is 
based on the Eurocode 3 design limitations, the second on the SANS 10162-2 design 
limitations, the third on laboratory testing and the fourth and fifth on FEA (simplified 
and finely meshed). 
Experimental layout 
In a study by Shifferaw et al. [12] to determine the compression capacity of cold-formed 
steel columns with different sheathing configurations, a maximum specimen length of 
2.44 m (8 ft) was considered for the experiments.  A total of 26 compression column 
tests covering short, intermediate and long columns were carried out.  The humidity 
level during testing for the laboratory was recorded as 62% on average.  The specimen 
lengths varied in 2 ft intervals from 2 ft to 8 ft, i.e. four lengths were considered for 
each cross-section and this was seen as the independent variable of the experiment.  
The compression tests were conducted by applying the load from the bottom to 
determine the vertical displacements and maximum axial load.  The experimental 
setup in Figure 6 (a) was used as per Shifferaw et al. [12] to determine the axial 
compressive capacity of a cold-formed steel channel section.  Isolation plates were 
provided between the specimen and the loading platen of the machine as encircled 
with red in Figure 6 (a).   
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                             (a)                  (b) 
Figure 6: Experimental setup [12] 
Five position transducers (PT1 to PT5) were positioned approximately in the middle of 
the specimen’s length to capture the local and global buckling values as indicated by 
black arrows in Figure 6 (b).  
In an experimental study by Dundu [4], who investigated the buckling of short cold-
formed lipped channels in compression, 12 column specimens were subjected to pure 
axial compression and were tested between two pinned ends.  Three different 
thicknesses were investigated (2.0, 2.5 and 3.0 mm) for the 300 x 75 x 20 x t lipped 
channel cold-formed steel sections.  The independent variables were the thickness 
and the length of the specimens (500, 750, 1 000 and 1 250 mm), which were selected 
to ensure that the specimens were all classified as short columns.  The classification 
of short columns followed the limitations defined for hot-rolled stub columns, where (𝑑 
is the depth of the shape): 
 A minimum length taken as the min[(2𝑑 + 250 mm); 3𝑑] in mm; and 
 A maximum length taken as the max[20𝑟𝑦; 5𝑑] in mm. 
To achieve pinned connections at the ends of the specimens, the load was applied 
through two thick separation plates with grooves to house a spherical ball at both ends 
as shown in Figure 7. 
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                            (a)             (b) 
Figure 7: Pinned column experimental setup [4] 
The load was applied at the top end of the column specimen as shown in Figure 7 (a).   
The thick plates were used to ensure an even load distribution through the centroid of 
the section.  The bottom end configuration was constructed by using two plates with 
the spherical ball positioned between them as shown in Figure 7 (b). 
It should be noted that there are no South African testing codes available with a 
prescribed procedure to experimentally determine the buckling resistance of cold-
formed steel sections. 
2.3.2 Specimen measurement 
For the specimens tested in the study by Shifferaw et al. [12], the local imperfections 
of the cross-sections were automatically measured via the rig synchronised with a 
position transducer as shown in Figure 8 (a).   
Points A-F in Figure 8 (b) denote the locations in the cross-sections where the 
imperfection measurements of the cross-sections were made.  A procedure to assess 
the magnitude of the recorded imperfections was derived by Shifferaw et al. [12] for 
yielding the bow, camber and twist parameters of the cross-sections. 
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Figure 8: Imperfection measurement setup [12] 
The bow, camber and twist parameters were used to calculate the global, local and 
distortional imperfections, respectively. These were compared with similar studies and 
it was found that the global imperfections had a smaller magnitude of variation, similar 
to the local imperfections, but the distortional imperfections showed considerable 
variations.   
Cross-section dimensional properties 
In the research by Shifferaw et al. [12], the tested specimens were measured for any 
variation present in the cross-sectional dimensions.  Three measurements were taken 
along the run of the specimens: two at the ends and one in the middle.  The following 
dimensional properties of the steel sections were measured (in mm) with reference to 
Figure 9: 
1. t  - Thickness of the section (including galvanising) 
2. h  - Height of section 
3. b1 and b2  - Flange widths 
4. c1 and c2  - Edge folds 
5. 𝑟  - External radius at every corner 
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Figure 9: Cross-section dimension notations 
The mean is presumed to be used as the actual cross-sectional dimensions for the 
three measurements.  It should be noted that it is stated in the SASCH Red book [6] 
that for the calculation of the section properties of cold-formed open sections, the 
external radius (𝑟) at every corner is taken as 2.5 times the material thickness. 
In order to determine the gross cross-sectional area of the channel, the following can 
be used: 
 𝐴𝑔𝑟𝑜𝑠𝑠 = (ℎ + 𝑏1 + 𝑏2 + 𝑐1 + 𝑐2 − 4 ∗ 𝑡) ∗ 𝑡 (3) 
For a cold-formed lipped channel section, the second moment of inertia about the local 
y-axis will be the smaller of the two axes.  The smaller moment of inertia will yield the 
smaller critical buckling load as in equation 1, since the two are directly proportionate 
to each other.  To calculate the moment of inertia, the neutral axis in the x-axis is 
required.  This calculation is simplified by subdividing the cross-sectional area into 
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smaller rectangular sections.  For the calculation of the neutral axis (?̅?) in conjunction 














2 𝑏2𝑡 + (𝑏1 −
𝑡
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 ?̃? - Distance between the base of the section and the centroid of a given 
area section on the member (mm) 
 𝐴 - Area of a section on the member 
The second moment of inertia about the smaller y-axis (𝐼𝑦𝑦) of the channel can be 
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2.4 Material properties 
Structural steel was used in this investigation.  The theoretical non-linear stress-strain 
curve for steel is illustrated in Figure 10. 
 
Figure 10: Theoretical stress-strain curve steel [9][10] 
The first region in the graph is referred to as the elastic zone, and the gradient in this 
region is defined as the elastic modulus.  The proportional limit indicates the limiting 
point on the graph of the initial linearity, as the gradient decreases.  Shortly after the 
maximum value of the region is reached, this value is referred to as the elastic limit.  
The yield point is the limiting value of the elastic zone; thereafter the steel experiences 
yielding, where the stress slightly decreases.  The steel then goes into a zone where 
strain hardening occurs until the ultimate tensile stress is reached.   In the final zone 
necking of the steel occurs which is indicated by a negative gradient of the graph.  The 
steel eventually reaches the rupture stress of the material, which indicates that the test 
specimen has separated.   
In the Eurocode 3, an elastic modulus of 210 GPa, a shear modulus of 81 GPa and a 
Poisson’s ratio of 0.3 for the elastic range are specified [5]. 
2.4.1 South Africa 
In the current SANS 10160-2 design standard [7] it is specified that the steel used in 
manufacturing must comply with SANS 4998 [13] (excluding Grade G550, less than 
0.9 mm thickness).  From SANS 4998 [13]: Continuous hot-dip zinc-coated and zinc-
iron alloy-coated carbon steel sheet of structural quality alloy-coated carbon steel 
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sheet of structural quality (which is based on ISO 4998:2014 (E)), the mechanical 
properties of the steel should adhere to the properties given in Table 1. 
Table 1: Mechanical properties [13] 
Grade Lower 𝒇𝒚 (MPa) 
𝒇𝒖 (MPa) - for 
information only 
A min. % 
Lo = 50 
mm 
Lo = 80 
mm 
220 220 310 20 18 
250 250 360 18 16 
280 280 380 16 14 
320 320 430 14 12 
350 350 450 12 10 
380 380 540 12 10 
550 550 570 - - 
𝑓𝑦 = Yield strength 
𝑓𝑢 = Ultimate tensile strength 
A min. % = Percentage elongation after fracture 
Lo = Gauge length on test piece 
MPa = N/mm2 
 
Thermal considerations 
As per the Red book [6] the coefficient of thermal expansion for structural steel is 11.7 
per °C x 10-4 as used for South African cold-formed steel lipped channel sections. 
2.4.2 Europe 
In the EN 1993-1-3 design standard [14] it is specified that the steel used must comply 
with the mechanical properties of the steel given in Table 2. 
Table 2: EN 1993-1-3 Nominal strength values [14] 
Type of steel Standard Grade 𝒇𝒚𝒃 (MPa) 𝒇𝒖 (MPa) 
Cold reduced steel sheet of 
structural quality 
ISO 4997 CR 220 220 300 
CR 250 250 330 
CR 280 280 400 
Continuous hot-dip zinc-coated 




S220GD+Z 220 300 
S250GD+Z 250 330 
S280GD+Z 280 360 
S320GD+Z 320 390 
S350GD+Z 350 420 
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2.4.3 Comparison summary 
From Table 1 and Table 2 there is a correlation between basic yield strength and 
ultimate tensile strength required.  Table 3 presents a comparison of the two local 
minimum requirements for the steel used in countries that use EN 1993-1-3 [14] 
(according to EN 10326) and South African produced steel according to SANS 4998 
[13]. 
Table 3: Material codes comparison 
SANS 4998  
[13] grade 
EN 10326  
[14] grade 𝒇𝒚𝒃 (N/mm2) 
𝒇𝒖  [13] 
(N/mm2) 
𝒇𝒖  [14] 
(N/mm2) 
220 S220GD+Z 220 310 300 
250 S250GD+Z 250 360 330 
280 S280GD+Z 280 380 360 
320 S320GD+Z 320 430 390 
350 S350GD+Z 350 450 420 
 
From the table, it is seen that the nominal values of basic yield strength (𝑓𝑦𝑏) for all the 
grades (220, 250, 280, 320 and 350) are identical for both the standards.  However, 
the ultimate tensile strength (𝑓𝑢) values for the range are greater for the EN 10326 
than the South African SANS 4998. This can be disregarded since the code-based 
calculations only consider linear elastic analysis. 
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2.4.4 Experimental determination of material properties 
In an experimental study to determine the flexural buckling strength of cold-formed 
steel columns by Weng and Pekos [15], a total of 68 columns and 25 stub columns 
were tested.  The study included the experimental determination of the steel 
specimen’s material properties.  The yield stress and percentage elongation in a 2” 
gauge length were obtained from uniaxial tensile coupon tests.  The material’s 
Poisson’s ratio and Young’s modulus can subsequently be obtained. 
Coupon tests were also utilised in the study by Shifferaw et al. [12] to determine the 
material properties of the cold-formed steel sections tested.  In the study, steel plates 
were extracted from the web and the coupon specimen cut according to ASTM 
standards using a CNC milling machine.  The zinc surface coating of the test 
specimens were removed by immersing the specimens in a 15% hydrochloric acid 
bath for 10 minutes.  The 0.2% proof yield method was chosen as the appropriate 
method to determine the yield stress.  Along with the elongation strains of the 
specimens, the yield and ultimate stresses were used to determine the material 
properties. 
The 0.2% proof yield strength was used to determine the relevant code-based 
calculation compression strength of the sections as presented in Dundu [4].  The 
material properties of the specimens used in the study were determined by means of 
coupon tensile testing.  The coupons were prepared and tested using the B18 British 
Standard.  The tests were conducted by using an 1195 Instron testing machine.  
ASTM E8/E8M – 16a 
To determine the mechanical properties of the cold-formed steel sections under 
consideration, tensile testing was completed according to ASTM E8/E8m - 16a [16].  
The standard provides detailed procedures for test methods for tension testing of 
metallic materials in any form.  The methods will produce the yield strength, yield point 
elongation, tensile strength, elongation and reduction of area for the metal under 
consideration. 
The standard sheet-type test specimen is illustrated in Figure 11.  The specimen 
allows a nominal thickness (T) range of 0.13 to 19.0 mm.  With reference to Figure 11, 
the specimens should adhere to the minimum dimensions: 
 W - Width of 12.5 mm 
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 G - Gauge length of 50.0 ± 0.1 mm 
 R - Fillet radius of 12.5 mm 
 L - Overall length of 200.0 mm 
 A - Length of reduced parallel section of 57.0 mm 
 B - Length of grip section of 50.0 mm 
 C - Width of grip section of 20.0 mm 
 
Figure 11: Sheet-type tensile test specimen [16] 
2.4.5 Ramberg-Osgood model 
The non-linear relationship between the stress and strain of most metallic materials 
can be defined by the Ramberg-Osgood model [17].  The model applies to monotonic 
loading and is defined by Basan [18]: 
 










 𝜀 - True strain 
 𝜀𝑒 - True elastic strain 
 𝜀𝑝 - True plastic strain 
 𝜎 - True stress 
 𝐸 - Young’s modulus 
 𝜎𝑦 - Yield stress 
It is proposed that parameter 𝑛 is estimated to simplify the definition of the material.  
The following equation is widely accepted for this [17]: 
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 𝜀𝑢𝑠 - Uniform strain at maximum load 
 𝜎𝑢 - Ultimate stress of the material 
 
2.5 Compressive design capacity as per EC3 
2.5.1 EN 1993-1-3: Local buckling (LB) 
In order to determine the local buckling, effective cross-sectional properties were 
calculated based on the effective widths as per EN 1993-1-5: Plated structural 
elements [19].  Furthermore, it is noted that the yield strength 𝑓𝑦 should be taken as 
𝑓𝑦𝑏 when calculating the effective widths of compressed elements in EN 1995-1-5.  
This is required for the local buckling resistance of the member. 
To determine the effective area (𝐴𝑒𝑓𝑓) of a member subject to pure axial compression, 
the effective web height (ℎ𝑒𝑓𝑓), flange widths (𝑏𝑒𝑓𝑓) and lip lengths (𝑐𝑒𝑓𝑓) are required.  
To determine the effective values, the method set out in EN 1995-1-5 for plates without 
long stiffeners was followed and repeated for the web, flanges and lips.  To start the 










 ?̅? - Length of plate under consideration; either web, flange or lip (mm) 
 𝑡 - Nominal thickness of plate (mm) 
 𝜀 - Defined as √235/𝑓𝑦 in [19] 
 𝑘𝜎 - Buckling factor equal to 4.0 for an internal element in pure compression 
(web and flanges) and equal to 0.43 for outstanding elements in pure 
compression (lips) 
A comparison investigation into analysis methods to determine the buckling  
capacity of South African cold-formed steel lipped channel sections 
23 
 
A reduction factor for plate buckling (𝑝) was applied for each dimension to obtain the 
required effective length of each plate element.  The reduction factor for internal 
compression elements was taken as: 
 𝑝 = 1.0  for 𝜆𝑝  ≤ 0.5 +  √0.085 − 0.055𝜓 
𝑝 =
𝜆𝑝 − 0.055(3 + 𝜓)
𝜆𝑝2
≤ 1.0 for 𝜆𝑝 > 0.5 +  √0.085 − 0.055𝜓 
(9) 
Where 𝜓 is defined as the stress ratio from Table 4.1 in EN 1993-1-5.  The reduction 
factor was subsequently applied to the considered dimension by using: ?̅?𝑒𝑓𝑓 = 𝑝?̅?.  
This method was repeated for all the elements of the cross-section, except for the 
reduction factor of the outstanding lips.  Since the lips of the cold-formed channel are 
outstanding compression elements, the following applies for the reduction factor: 




≤ 1.0 for 𝜆𝑝 > 0.748 
(10) 
After the effective dimensions was obtained, the effective area (𝐴𝑒𝑓𝑓) was calculated 
by using equation 3.   Thereafter the local buckling resistance (𝑁𝑏,𝑅𝑑) was calculated 
by applying the following from section 6.3 in EN 1993-1-1 [5]: 
 𝑁𝑏,𝑅𝑑 = 𝐴𝑒𝑓𝑓𝑓𝑦 (11) 
2.5.2 EN 1993-1-3: Distortional buckling (DB) 
In order to determine the DB resistance of a cold-formed lipped channel steel section, 
the effective area is determined by using the same method as for the local buckling, 
with the exception of the effective lip length.  For the effective length of the lipped 
portion of the channel, EN 1993-1-3 dictates that the buckling factor (𝑘𝜎) is calculated 
for a single edge fold stiffener.  If the ratio of the lip length to the flange length is smaller 
and equal to 0.35, then 𝑘𝜎 = 0.5; otherwise if the ratio is between 0.35 and 0.6, then 
the following is used: 
 







A comparison investigation into analysis methods to determine the buckling  
capacity of South African cold-formed steel lipped channel sections 
24 
 
For the design of a compression element with stiffeners, it should be assumed that the 
stiffener behaves as a compression member with continuous partial restraint with a 
calculated spring stiffness.  The boundary conditions and the flexural stiffness of the 
adjacent plane elements define the spring stiffness.  Figure 12 (a) and (b) illustrate the 
principle of the equivalent spring system from the actual system.  
 
Figure 12: Edge stiffener of lipped C-section [19] 
The spring stiffness for the flange of a lipped channel section (C-section) is obtained 
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 𝑏1 - Distance from the web-to-flange junction to the gravity centre of the 
effective area of the edge stiffener of flange 1 (Figure 12 (a)) 
 𝑏2 - Distance from the web-to-flange junction to the gravity centre of the 
effective area of the edge stiffener of flange 2 (Figure 12 (a)) 
 ℎ𝑤 - Web height (mm) 
 𝑣 - Poisson’s ratio of the material 
 𝑘𝑓 - 1.0 for a symmetric section under pure compression 







 𝐾1 - Spring stiffness per unit length as previously obtained 
 𝐼𝑠𝑡𝑖𝑓𝑓 - Effective second moment of area of the stiffener 
 𝐴𝑠𝑡𝑖𝑓𝑓 - Effective area of the stiffener 
To determine the reduced area (𝐴𝑠𝑡𝑖𝑓𝑓,𝑟𝑒𝑑) and thickness (𝑡𝑟𝑒𝑑) of the effective stiffener 
section, a reduction factor (𝜒𝑑) for the distortional buckling resistance should be 







 𝛾𝑚0 - 1.0 as the material factor 
 𝜎𝑐𝑜𝑚,𝐸𝑑- Compressive stress at the centreline of the stiffener calculated based 
on the effective cross-section 
The reduction factor (𝜒𝑑) for the distortional buckling is based on the relative 
slenderness (𝜆𝑑), where 𝜒𝑑 = 1.0 for 𝜆𝑑 ≤ 0.65, 𝜒𝑑 = 1.47 − 0.723𝜆𝑑 for 0.65 < 𝜆𝑑 ≤ 1.38, 
and 𝜒𝑑 = 0.66/𝜆𝑑 for 𝜆𝑑 ≥ 1.38.  
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To determine the effective section properties, the reduced effective area was based 
on a reduced thickness 𝑡𝑟𝑒𝑑 = 𝑡𝐴𝑠𝑡𝑖𝑓𝑓,𝑟𝑒𝑑/𝐴𝑠𝑡𝑖𝑓𝑓 for all the elements. 
2.5.3 Flexural, torsional and torsional-flexural buckling 
In order to determine the compressive resistance of cold-formed steel members 
subject to axial load, EN 1993-1-3 dictates that flexural, torsional and torsional-flexural 
buckling modes must be checked.   
2.5.3.1 Critical buckling load 
The four following formulae are used to determine critical buckling loads:  





2  (16) 





2  (17) 








2 ) (18) 
Where: 
 𝑖2 = 𝑖02 + 𝑖𝑊2 + 𝑦02 + 𝑧02 
 𝑖𝑥 - Radius of gyration of cross-section about the x-x axis 
 𝑖𝑦 - Radius of gyration of cross-section about the y-y axis 
 𝑥0, 𝑦0 - Shear centre co-ordinates with respect to the centroid of the gross 
cross-section 
 𝐼𝑡 - Torsional constant of the gross cross-section 
 𝐿𝑒𝑓𝑓 - Buckling length of the member for torsional buckling 
 𝐼𝑤 - Warping constant for the gross cross-section 
 
iv) Torsional flexural bending: 
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2.5.3.2 The design buckling resistance in EN1993-1-1 
The following formulas are used to determine the buckling resistance of a column:  







 𝐴𝑒𝑓𝑓 - Effective area of the cross-section as calculated for local and 
distortional buckling 
 𝛾𝑚1 - 1.0 as the relevant material factor 




Φ + √Φ2 + 𝜆2
 (21) 
Where: 
 𝜆 - Non-dimensional slenderness ratio defined as 𝜆 = √𝐴𝑒𝑓𝑓𝑓𝑦/𝑁𝑐𝑟, where 
𝑁𝑐𝑟 = 𝑚𝑖𝑛{𝑁𝑐𝑟,𝑥; 𝑁𝑐𝑟,𝑦; 𝑁𝑐𝑟,𝑇; 𝑁𝑐𝑟,𝑇𝐹} 
 Φ - Intermediate factor defined as Φ = 0.5[1 + 𝛼(?̅? − 0.2) + 𝜆2] 
 𝛼 - Imperfection factor obtained from Table 6.1 in EN 1993-1-1 with the 
relevant buckling curve 
The buckling curve for C-sections is defined as b in Figure 13 from EN 1993-1-3. 
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Figure 13: Buckling curve selection table from EN 1993-1-3 [14] 
 
2.6 Direct strength method as per SANS 10162-2 
The direct strength method (DSM) was developed by Professor Benjamin W. Schafer 
at Johns Hopkins University in Baltimore, USA [20].  The DSM is an internationally 
approved method for predicting the strength of cold-formed steel sections.  In 2004 
this method was added as an appendix in the North American specification for the 
design of cold-formed steel members [21].  This method presents a simplified 
procedure to design standard and complex cold-formed steel sections and is included 
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as an alternative design procedure for thin-walled steel columns and beams in Section 
7 of SANS 10162-2 (2011) [7].   
2.6.1 Finite strip method calculation 
The DSM is based on the finite strip method (FSM) as a procedural calculation step.  
The FSM is based on plate buckling theory which yields the buckling modes and 
accompanying capacities of any thin-walled element under consideration [2].  Figure 
14 illustrates a typical strip for a thin-walled member, in this case, a cold-formed lipped 
channel.  The detailed description of the calculation procedure for the FSM is 
presented by Li and Schafer [22]. 
 
Figure 14: Typical strip for thin-walled member [22] 
The CUFSM version 5.04 software was utilised to analyse the elastic buckling of the 
thin-walled steel section under consideration.  The program is distributed under the 
MIT Open Source License and is based on the Matlab runtime engine.  The software 
is freely available at https://www.ce.jhu.edu/cufsm/. 
The program requires the material and cross-sectional properties as input for the 
elastic buckling analysis of a specific section.  Additionally, the end conditions and the 
length of the member are required.  For the length of the member, the half-wavelengths 
are required for the analyses.  The Direct Strength Method Design Guide [21] explains 
that the half-wavelength shows how a given cross-section mode shape varies along 
the length of the member.  Through the FSM, the CUFSM program generates two 
results for a specific section: 
1. The load factor versus buckling half-wavelength signature curve; and 
2. The buckling mode shape of the cross-section. 
The resultant load factor vs half-wavelength curve must be examined to determine the 
minimum load factors for each mode shape.  The load factor is defined as the ratio of 
A comparison investigation into analysis methods to determine the buckling  
capacity of South African cold-formed steel lipped channel sections 
30 
 
the critical design buckling load (𝑁𝑐𝑟) to the design yield load (𝑁𝑦) in either bending or 







The signature curve generated for a specific section under compression loading 
indicates the local buckling zone at low half-wavelengths, followed by the distortional 
buckling region and lastly the global buckling zone at high half-wavelengths.  A typical 
signature curve of a thin-walled lipped channel steel section subject to compression 
loading is illustrated in Figure 15. 
 
Figure 15: Typical signature curve [2] 
The minima on the curve indicate the lowest required load at which a particular mode 
of buckling occurs.  In Figure 15 the minima are marked by 𝑁𝑐𝑟𝑙/𝑁𝑦  and 𝑁𝑐𝑟𝑑/𝑁𝑦 to 
indicate the local and distortional load factors, respectively.  From these values 
equation 22 can be used and multiplied by the compression yield load (𝑁𝑦) to 
determine the resultant local and distortional critical buckling loads. 
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2.6.2 Design procedure of compression members 
For the design of compression members, it is stated in SANS 10162-2 that the nominal 
member capacity (𝑁𝑑) is defined as the minimum between the capacities for local 
buckling (𝑁𝑐𝑙), distortional buckling (𝑁𝑐𝑑) and global buckling (𝑁𝑐𝑒). 
The design requires a limitation check based on the cross-sectional properties of the 
section.  The section must adhere to the limits presented in Table 4.  If the cross-
sectional properties fall within the prequalified limits, then the corresponding capacity 
reduction factor ∅𝑐 = 0.85 is applicable.  If not, a reduced factor of ∅𝑐 = 0.80 is 
applicable. 
Table 4: Limits for prequalified compression members [7] 
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2.6.3 Global buckling capacity 
The nominal global buckling capacity is defined by the flexural, torsional or flexural-
torsional buckling of a compression member.  As prescribed in SANS 10162-2, the 
global buckling capacity in compression (𝑁𝑐𝑒) is calculated by applying: 
 𝑁𝑐𝑒 = (0.658𝜆𝑐
2






) 𝑁𝑦  for  𝜆𝑐 > 1.5 (24) 
Where the non-dimensional slenderness (𝜆𝑐) for global buckling is defined as: 
 




The nominal yield capacity (𝑁𝑦) of the member in compression is defined by: 
 𝑁𝑦 = 𝐴𝑓𝑦 (26) 
The elastic buckling load (𝑁𝑐𝑟,𝑒) is obtained from the lesser of the flexural, torsional 
and flexural-torsional elastic buckling loads, and the following is applied: 
 𝑁𝑐𝑟,𝑒 = 𝐴𝑓𝑜𝑐 (27) 
For compression members 𝑓𝑜𝑐 is defined as the lesser of the elastic flexural, torsional, 
and flexural-torsional buckling stress.  This is based on the determination of the 
characteristic load of a concentrically loaded compression member.  𝐴 is the full cross-
sectional area of the member and 𝑓𝑦 is the yield stress of the steel. 
For sections that are not susceptible to torsional or flexural buckling (such as closed 









 𝐸 - Elastic modulus of the material 
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 𝑙𝑒 - Effective length of the member 
 𝑟 - Radius of gyration of the unreduced cross-section of the member 
SANS 10162-2 states that for doubly or singly symmetrical cross-sections which 
experience torsional or flexural-torsional buckling, 𝑓𝑜𝑐 is taken as the minimum 





[(𝑓𝑜𝑥 + 𝑓𝑜𝑧) − √(𝑓𝑜𝑥 + 𝑓𝑜𝑧)2 − 4𝛽𝑓𝑓𝑜𝑥𝑓𝑜𝑧] (29) 
Where: 






 𝑟𝑜1 = √𝑟𝑥2 + 𝑟𝑦2 + 𝑥𝑜2 + 𝑦𝑜2, 
 𝑟𝑥 - Radius of gyration of cross-section about the x-x axis 
 𝑟𝑦 - Radius of gyration of cross-section about the y-y axis 





















𝐺 - Shear modulus of elasticity 
𝐽 - Cross-sectional torsion constant 
𝐼𝑤 - Cross-sectional warping constant 
𝑙𝑒𝑥 and 𝑙𝑒𝑧 - Effective lengths in the x-axis and twisting axis of the cross-section, 
respectively 
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2.6.4 Local buckling capacity 
SANS 10162-2 defines the nominal local buckling capacity of compression members 
as: 
 𝑁𝑐𝑙 = 𝑁𝑐𝑒  for  𝜆1 ≤ 0.776 (32) 
And, 
 










𝑁𝑐𝑒  for  𝜆𝑐 > 0.776 (33) 
Where 𝜆1 = √𝑁𝑐𝑒/𝑁𝑐𝑟,𝑙 is the non-dimensional slenderness ratio for local buckling and 
𝑁𝑐𝑟.𝑙 is the elastic local buckling load which is obtained from the local buckling load 
factor of the signature curve and with the design yield load (𝑁𝑦). 
2.6.5 Distortional buckling capacity 
SANS 10162-2 defines the nominal distortional buckling capacity of compression 
members as: 
 𝑁𝑐𝑑 = 𝑁𝑦  for  𝜆𝑑 ≤ 0.561 (34) 
And, 
 










𝑁𝑦  for  𝜆𝑑 > 0.561 (35) 
Where 𝜆𝑑 = √𝑁𝑦/𝑁𝑐𝑟,𝑑 is the non-dimensional slenderness ratio for distortional 
buckling and 𝑁𝑐𝑟.𝑑 is the elastic distortional buckling load which is obtained from the 
distortional buckling load factor of the signature curve and with design yield load (𝑁𝑦). 
2.7 Statistical analysis of results 
2.7.1 Specimen/sample size 
In engineering research there are three categories of specimen/sample size 𝑛 
prescribed by Holický [23]: 
1. Very small samples: 𝑛 < 10; 
2. Small samples: 10 < 𝑛 ≤ 30; and 
3. Large samples: 𝑛 > 30. 
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For similar experimental tests described in Dundu [4] for the compressive resistance 
of cold-formed lipped channels, only three specimens were chosen per structural 
section.  Based on this, for this research a very small sample size of 5 specimens was 
selected. 
2.7.2 Statistical inference 
Statistical inference is defined as a statistical methodology that is used to draw 
conclusions from sample data.  The two most common methods are confidence 
intervals, which are used for estimation problems, and tests of significance, which are 
used for hypothesis testing.  With uncertainty and variation in results, these methods 
are designed to contribute to the process of making scientific judgements.  Estimation 
problems provide a measurement of the degree of confidence in the sample data [24].  
For single sample estimation consider the normal probability distribution (Z-
distribution) of data illustrated in Figure 16, obtained from the sampling distribution in 
a histogram, and the subsequent procedure: 
 
Figure 16: Normal distribution curve; 𝐏(𝐳𝛂/𝟐 < 𝐙 < 𝐳𝛂/𝟐) = 𝟏 − 𝛂  [24] 
The derivation for one-sided confidence interval point estimate is given as [24]: 
𝑃 (?̅? − 𝑧𝛼/2 (
𝜎
√𝑛
) < 𝜇 < ?̅? + 𝑧𝛼/2 (
𝜎
√𝑛
)) = 1 − 𝛼 
Where: 
 𝑃 - Probability density function 
 ?̅? - Sample mean 
 𝜇 - Population mean 
 𝑛  - Sample size 
 𝜎 - Population standard deviation 
 1 − 𝛼 - Degree of confidence 
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 𝑧𝛼/2 - Z-value above which we find an area of 𝛼/2 under the normal 
curve 
The relevant results were statistically analysed for 95% and 99% confidence intervals.  
It should be noted that the confidence intervals are just a percentage of the degree of 
confidence, i.e. 100(1 − 𝛼)%.  For a 95% confidence interval for the mean: 




𝛼/2 = 0.025 
The resultant z-value is 𝑧0.025 = 1.96 (from Table A.3 in Walpole et al. [24]), which is 
obtained by leaving an area of 0.025 to the right and 0.975 to the left.  Similarly, for a 
99% confidence interval for the mean: 




𝛼/2 = 0.005 
The resultant z-value is 𝑧0.005 = 2.575 (from Table A.3 in Walpole et al. [24]), which is 
obtained by leaving an area of 0.005 to the right and 0.995 to the left. 
2.7.3 Accuracy of the point estimate 
In order to determine the accuracy of the calculated point estimate, the error must be 
analysed.  The size of the error in the estimation is defined as the absolute value of 
the difference between 𝜇 and ?̅? as illustrated in Figure 17.  If 𝜇 and ?̅? are equal, the 
calculated point estimate is without error; this is due to 𝜇 defined as the centre value 
of the interval. 
 
Figure 17: Error in estimating 𝛍 by ?̅? [24] 
For the interpretation of results the theorem is given: 
“If ?̅? is used as an estimate of 𝜇, we can be 100(1 − 𝛼)% confident that the error will 
not exceed 𝑧𝛼/2 (
𝜎
√𝑛
).”   
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Chapter 3: RESEARCH METHODOLOGY 
Data on the buckling capacities of cold-formed sections were collected by means of 
published work, comparison studies and FEAs [2][4][8][12][15][22][25].  Textbooks 
were utilised to follow guidelines in order to assist with the correct application of the 
design codes [26].  The research was completed on a level that would confirm if the 
Eurocode 3 design codes are sufficient for selected South African cold-formed 
sections, and to explore alternative calculation methods that can be utilised by design 
engineers. 
A buckling behaviour investigation of the cold-formed lipped channel was completed 
by using FEA software to determine the buckling load in the non-linear elastic-plastic 
region of the stress-strain curve of the steel. Strand 7 was the chosen FEA software.  
The cold-formed lipped channel was modelled by using beams for the simplified model 
and plate elements for the finely graded model.  This was done to investigate the 
distribution of the stresses across the entire surface area of the channel at the 
experimental buckling load.  Plates also provided additional degrees of freedom (DOF) 
of the modelled element, utilised by the FEA software to calculate a wider range of 
results. 
3.1 Experimental procedure 
To determine the compressive buckling load and to identify the mode of buckling, 
laboratory testing was done.  The experimental procedure was set with one chosen 
independent (controlled) variable in combination with constant variables and the 
accompanying three dependent variables (results).  The variables considered for the 
experiments were as follows: 
1. Independent variable; 
a. The length of the specimen 
2. Dependent variables; 
a. Experimental buckling load (load where the section has lost all its rigidity 
and permanent deformation occurs) - see section 4.2,  
b. Deformations of the specimen, and 
c. Failure mode (local or distortional buckling). 
3. Constant variables; 
a. Nominal sectional thickness of the section (𝑡 = 2 𝑚𝑚), 
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b. Structural section (75 x 50 x 20 x 2.0 cold-formed lipped channel) 
c. Cross-sectional area of section (A = 0.4 x 103 mm2), 
d. Mechanical properties of the steel, 
e. Loading speed (3 mm/min for compressive testing and 2 mm/min for 
tensile testing), 
f. Experimental conditions (temperature), and 
g. End support conditions (pinned-pinned). 
The laboratory temperature during experimental testing required consideration in the 
post-processing of results since steel is susceptible to thermal expansion, which may 
yield unexpected discrepancies in the results [6]. 
For the independent variable the cross-sectional area of the cold-formed lipped 
channel was controlled for each set of experiments.  This was done by assigning 
constant designation (h x b x c x t [mm]) properties of the channel in terms of its 
geometrical cross-sectional properties as illustrated in Figure 18: 
 
Figure 18: Cross-sectional area properties of a cold-formed lipped channel [6] 
Where the property notation is defined as: 
 h - Total height (mm) 
 b - Flange width (mm) 
 c - Edge fold (mm) 
 t - Nominal thickness (mm) 
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For the selection of the cross-section, the following optimisation design constraints 
were considered as presented by Jun Ye [8].  A typical 75 x 50 x 20 x 2.0 cold-formed 
lipped channel was selected with the optimisation design checks summarised and 
presented in Table 5. 
Table 5: Section optimisation checks 
Constraint Value Check 
b/t ≤ 60 24.5 OK 
c/t ≤ 50 9.2 OK 
h/t ≤ 500 40.1 OK 
0.2 ≤ c/b ≤ 0.6 0.4 OK 
c ≤ 25 18.3 OK 
 
A total of 25 compressive buckling tests were completed.  The 5 specimens were 
tested for a specific column length, and the results were subjected to statistical 
analysis (as per section 2.7) to add to the confidence of the results.  The specimen 
lengths under consideration ranged incrementally by 300 mm, from 300 mm to 1 500 
mm, as summarised in Table 6.  The experimental setup to determine the buckling 
load of each specimen is explained later in section 4.2 of this document. 
Table 6: Cold-formed lipped channel sections considered for experiments 
Specimen Number of specimens Length (mm) 
  





5 1 200 
5 1 500 
Total required length 22 500 mm 
 
Four of the experimental specimen lengths fall outside the minimum length of 225 mm 
(min[(2𝑑 + 250 mm); 3𝑑]) and the maximum length of 386 mm (max[20𝑟𝑦; 5𝑑]) – 
bounds for stub column classification (see section 0).  From this, only the 300 mm 
specimen is classified as a stub column. The total length of steel for this experimental 
investigation required was 22.5 m.  Four sections of 6 m were acquired and saw-cut 
accordingly.  Five tensile coupon specimens, 200 mm in length, were cut out (by 
means of waterjet cutting for accuracy) off the remaining 1.5 m. 
The specimen dimensions are illustrated in Figure 19 and were determined by abiding 
by the minimum requirements in ASTM E8/E8m - 16a [13].  To generate a total 
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minimum length of 200.0 mm, the specimens in this research had a reduced parallel 
section (A) of 70.0 mm.  This was obtained by using the minimum values of B = 50 
mm and R = 15 mm. 
 
Figure 19: Tensile specimen 
The only modification to the code was the addition of a 2.00 mm rounding at the 
interface of fillet and grip.  This was added to prevent any possible stress 
concentrations in the area. 
3.2 FEA (model considerations) 
3.2.1 Simplified models 
For each of the specimen lengths, a simplified model that only considered the x and y 
plane was generated as illustrated in Figure 20.  In order to simulate pinned conditions 
at both ends, the model was restrained only in the x-direction at the top and in the x- 
and y-directions at the bottom.  For this analysis method only beam elements were 
used. The beam was subdivided into 10 equal sections of length with the x-rotation, y-
rotation and z-translation fixed for the analysis.   
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Figure 20: Simplified FEA 900 mm model 
An external vertical 100 kN nodal load in the y-direction was applied at the centroid of 
the section to simulate the applied axial load.  To ensure that buckling occurred, the 
load was applied by load factors starting from 0 to 1.5 at increments of 0.15, i.e. a load 
factor of 1.0 equals the 100 kN vertical load.  The loading on the column was analysed 
by means of a non-linear static analysis which includes the material behaviour of the 
steel through the mean stress vs strain curve as determined by tensile testing.  This 
method of modelling is prescribed by the support team of Strand 7 for simplified 
buckling FEA. 
The horizontal displacement of the middle node was recorded and analysed to 
interpret the buckling behaviour of the specimen under consideration.  The onset of 
significant displacement (greater than 2 mm) in the x-direction (horizontal direction) 
indicates that the stresses in the steel have exceeded the linear elastic limit and the 
material has become plastic.  The strains experienced in the plastic region will 
increase greatly from small loading, due to the smaller gradient present in the plastic 
region of the stress-strain curve. 
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3.2.2 Fine models 
Finely meshed models were generated and analysed for each of the specimen 
lengths. These models were constructed with 4 node quadrilateral plate elements 
sizing 15 mm x 5 mm, this was selected to adhere to a plate aspect ratio of 3.  All the 
end nodes were connected to a node positioned at the centroid of the channel with 
rigid links.  The centroid nodes were constrained to be fully fixed against translation 
and rotation.  At the top node, a prescribed compressive axial displacement of 1 mm 
was assigned.  Figure 21 illustrates the 300 mm specimen length fine FEM.  This 
method of modelling is prescribed by the Strand 7 webnotes for finely meshed buckling 
FEA (see http://www.strand7.com/webnotes/). 
 
Figure 21: 300 mm fine FEM 
The Linear Buckling Solver in Strand 7 was used to determine the first four buckling 
modes of each model.  The non-linear behaviour of the steel was defined in the models 
by means of the calculated stress-strain curves that were obtained from tensile testing.  
The channel section was modelled for a geometrically perfect case and a 
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geometrically imperfect case.  In order to take account of the geometrical 
imperfections of the channel due to manufacturing, the first linear buckling mode 
shape was used as the initial imperfection.  This was achieved by applying the 
horizontal displacements of the first buckling mode shape to a new model. 
The resultant buckling force was determined by recording the node reaction of the 
bottom node as a load factor was applied to a non-linear static analysis in the same 
manner as for the simplified models.  To ensure that buckling occurred, the enforced 
displacement of 1 mm was applied by load factors starting from 0 to 50 at increments 
of 1.0. 
3.3 Conclusion 
For a high standard of investigation, a scientific approach was followed to determine 
the specimen details.  This section summarises three alternative methods 
(experimental, simplified FEA and finely meshed FEA) to determine the buckling 
capacity of a cold-formed lipped channel section which was compared to the code-
based buckling resistance values (Eurocode 3 and SANS 10162-2). 
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Chapter 4:  EXPERIMENTAL SETUP 
To determine the mechanical properties of the steel, 5 tensile tests and 25 
compression tests were carried out to determine the buckling load of 5 different column 
lengths.  
The tensile testing methodology followed to determine the material’s mechanical 
properties is based on limitation presented in ASTM E8/E8m - 16a [16].   
This compressive setup is based on section 2.3 of this document, and selected due to 
convenience and accessibility to similar equipment as used in the research completed 
by Dundu [4]. 
4.1 Tensile testing 
The facilities of the materials laboratory on the University of Johannesburg’s APK 
campus were used.  Figure 22 illustrates the tensile testing apparatus used.  Each 
specimen had a tensile axial load applied until ultimate failure of the steel occurred, 
i.e. until the specimen broke. 
 
Figure 22: Tensile testing equipment 
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The specimens were incrementally axially loaded with a tensile stress load of 30 
MPa/s.  Both ends of the specimen were completely fixed in translation and rotation.  
Figure 23 shows the end conditions of the specimen under consideration. 
 
Figure 23: Tensile test specimen end conditions 
It should be noted that the surfaces of the cut-out specimens were coated with oil 
directly after they had been machined.  This was done to prevent any oxidation of the 
base metal, which could cause discrepancies in the results.  
4.2 Compressive testing 
The facilities of the materials laboratory on the University of Johannesburg’s 
Doornfontein campus were used.  The ends were set to imitate pinned connections, 
which was achieved by applying the load through two plate-ball systems as illustrated 
in various views in Figure 24. The ends of the specimens were machined flat, with the 
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Figure 24: Experimental setup views 
The tests were continued until failure, which is defined as the axial load where the 
section has lost all its rigidity and permanent deformation occurs.  A 2 000 kN Moog 
testing machine with a loading rate of 3 mm/min was used for the experiments.  The 
experimental setup to determine the buckling loads of the specimens is shown in 
Figure 25.  A 500 x 500 x 50 mm plate was positioned at the base of the setup, and a 
300 x 300 x 20 mm steel plate was used as an isolation pad between the specimen 
and the spherical steel ball at the bottom end as shown in Figure 26 (a).  For the top 
end, a cylindrical steel section with a diameter of 150 mm and a depth of 50 mm was 
placed between the specimen and the spherical steel ball, as shown in Figure 26 (b). 
Prior to testing, the centres of the plates were marked so that there were minimal 
discrepancies between the centroid of the section and the loading centre of the Moog 
machine. 
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Figure 26: Experimental end conditions 
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Chapter 5:  RESULTS AND DISCUSSION 
5.1 Tensile tests (material properties) 
The temperature of the laboratory was recorded at 26 °C.  The stress in MPa and the 
percentage strain for the five tensile test specimens are plotted in Figure 27. 
 
Figure 27: Stress vs strain comparison graph 
The shape of the graphs is as expected as the linear elastic region is for the initial 
small percentage strains; thereafter there is a section where there is a small decrease 
in stresses known as the yielding zone.  The third section is recognised as the strain 
hardening section where the stress values increase until the ultimate stress of the test 
is reached.  The fourth and final zone is the region of the graph where necking occurs 
until the specimen separates at the rupture stress. 
Table 7 presents a summary of the mechanical properties of the steel considered in 
this investigation.  The 0.2% proof yield strength, ultimate strength, accompanying 
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Specimen 1 292.75 372.83 22.58 16 850 
Specimen 2 302.03 370.42 21.90 20 692 
Specimen 3 297.68 374.62 22.31 24 459 
Specimen 4 300.43 372.42 23.15 23 425 
Specimen 5 301.22 368.33 21.66 18 646 
Mean 300.34 371.45 22.25 21 805.63 
 
The mean values were calculated only from considering specimens 2 to 5, which were 
determined after the statistical analysis was completed.  The boundaries of the 
confidence intervals for the statistical analysis were based on the yield strength of the 
specimens.  The mean ultimate tensile strength (fu) of the steel is 371.45 MPa.  The 
yield strength value of specimen 1 falls outside the statistical boundaries; thus all 
values of the specimen were excluded for calculations.  The calculation tables of the 
statistical analysis are presented in Appendix A.  The mean yielding strength (fy) of 
300.34 MPa is used to indicate the grade of the steel.  The yield strength falls between 
the 280- and 320-grade steels, as there is no 300-grade steel; the lower bound 280-
grade is attributed for the steel in this study.  It should be noted that the steel grade 
was not specified by the supplier, but they did specify it as commercial quality steel. 
The mean strain at fracture was recorded as 22.25% for a gauge length on the test 
piece (Lo) of 70.0 mm.  Consider the expected range provided by code specification in 
section 2.4; where Lo = 50 mm yields 16% and 14% for the 280- and 320-grade steels, 
respectively, as a lower bound in this case, and where Lo = 80 mm yields 14% and 
12% for the 280- and 320-grade steels, respectively, as an upper bound in this case.  
The specimens experienced much greater strain at fracture than expected. 
The elastic modulus for each specimen was calculated as the gradient of the linear 
elastic region for each of the resultant graphs.  Consider the calculated elastic modulus 
values of each of the specimens; the range is 16.85 to 24.5 GPa, thus yielding a mean 
value of 21.81 GPa.  This value is approximately out by an order of magnitude, i.e. out 
by a factor of 10 compared to the expected range of 200 to 210 GPa for steel.  This 
discrepancy can be attributed to various causes such as: 
 Experimental or human error;  
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 Initial slip of the specimens during testing; or 
 Poor material quality and elastic modulus values are true. 
It is difficult to suspect experimental equipment errors, as the machines are regularly 
calibrated. The low elastic modulus would yield unrealistic calculated buckling 
resistance values and defeat the purpose of this study. For this reason, the Eurocode 
3 prescribed values of 210 GPa for the elastic modulus and 81 GPa for the shear 
modulus were adopted for the calculation of the buckling loads where applicable.  It 
should be noted that the results have been reviewed and verified by an external party.  
Additionally, the suppliers of the tensile testing equipment were contacted and they 
sent an experienced technician to inspect the equipment, after which the technician 
confirmed the equipment was calibrated and working correctly. 
5.2 Stress-strain curve for FEAs 
The stress-strain curve for specimen 4 was initially used to define the non-linear 
characteristics of the steel assigned in both the simplified and finely meshed FEAs.  
Specimen 4 was chosen as these results were closest to the mean.  In order to exclude 
any negative gradients on the tangent of the graph, an enveloped graph was defined.  
The enveloped graph was then rescaled so that the origin was at zero stress with zero 
strain.  These graphs are plotted in Figure 28, along with an equivalent 4-point graph 
and the Ramberg-Osgood model curve as defined in section 2.4.5. 
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Figure 28: Stress-strain curve for FEAs 
The 4-point graph consists of only the origin, the yield stress point, the ultimate stress 
point and a point of 50% elongation with a 1% increase of the ultimate stress.  The last 
point was generated so that the graph consisted of only positive gradients.   
The FEM analyses for the considered column lengths were conducted for three 
different non-linear material definitions as defined in Figure 28.  The rescale of 
enveloped, 4-point graph and Ramberg-Osgood model definitions were individually 
considered.   The Ramberg-Osgood model was the only definition that did not result 
in convergence-related issues when the non-linear solver was applied.  Thus, it was 
selected as the non-linear material behaviour definition for the applicable analyses. 
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5.3 Compression specimen measurements 
Table 8 presents a summary of the measured dimensions considered for the 
compression experimental testing.  The length in mm of each specimen was measured 
by using a 3 m measuring tape and the h, b1, b2, c1, and c2  as illustrated in Figure 18 
were measured using a Vernier calliper.   


















1 301 77.1 49.3 48.3 18.3 18.1 
2 304 77.2 48.5 49.4 18.0 17.7 
3 302 77.5 49.3 48.4 18.3 18.4 
4 303 77.1 49.2 48.8 18.2 17.7 
5 301 77.1 48.3 49.4 18.5 17.8 
600 
1 601 77.2 49.3 49.0 18.1 18.0 
2 602 77.3 49.4 49.6 17.8 18.2 
3 601 77.6 48.6 49.4 18.1 18.0 
4 602 77.2 48.6 49.4 18.7 17.8 
5 603 77.2 49.1 49.4 18.1 18.0 
900 
1 902 77.1 49.7 49.6 18.5 18.1 
2 901 77.3 49.4 50.2 18.3 18.3 
3 908 77.2 49.1 49.7 18.1 18.0 
4 904 77.2 49.6 49.4 18.3 18.2 
5 903 77.4 49.1 49.5 18.6 18.3 
1 200 
1 1 201 77.5 48.3 50.1 18.9 18.5 
2 1 203 78.3 49.1 49.7 18.4 18.0 
3 1 206 78.6 49.1 49.4 17.9 18.3 
4 1 201 79.0 49.9 49.1 18.0 18.2 
5 1 202 79.9 49.9 48.6 19.1 17.9 
1 500 
1 1 502 80.3 49.6 48.8 18.6 18.0 
2 1 502 79.7 50.0 49.7 18.5 18.1 
3 1 504 78.0 50.7 50.1 18.3 18.1 
4 1 503 80.1 49.6 48.5 18.6 18.1 
5 1 503 79.9 49.2 48.8 18.4 18.3 
 
Only the specimens that were determined to be within bounds from the statistical 
analyses were used to determine the section properties of the specimens.  These are 
summarised in Table 9 with the calculated cross-sectional area of the specimens by 
applying equation 3. 
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300 301.5 77.3 48.8 48.9 18.4 18.1 2 403.0 
600 602 77.4 49.0 49.5 18.0 18.1 2 403.9 
900 904 77.3 49.3 49.7 18.3 18.2 2 405.6 
1 200 1 203 78.7 49.1 49.4 18.6 18.2 2 408.0 
1 500 1 502.7 80.1 49.5 48.7 18.5 18.1 2 409.9 
 
5.4 300 mm length results 
The maximum load resisted by the specimens and the resultant deformations for the 
300 mm specimens are summarised in Table 10.  For both results to complete the 
statistical analyses, if the value falls outside the upper or lower bound limit of the 99% 
confidence interval, it is indicated in the column directly next to the considered result 
in the table.  The buckling mode is noted in the last column: local buckling (LB), 
distortional buckling (DB) or global buckling (GB). 















Specimen 1 73.90 Yes 2.84 No LB 
Specimen 2 74.67 Yes 2.37 Yes LB 
Specimen 3 74.34 No 2.90 No LB 
Specimen 4 74.58 No 3.36 Yes LB 
Specimen 5 74.12 No 3.07 No LB 
Mean 74.23 kN 2.99 mm 
 
The statistical analysis of the maximum load and the accompanying vertical 
deformation at the maximum load results is summarised in Table B - 1 and Table B - 
2 in Appendix B, respectively.  The results that were outside the bounds were excluded 
for the calculation of the mean.  Specimens 2 and 4 were found to be outside the 
confidence interval bounds and were thus excluded for mean calculations.  The means 
of the maximum load and deformation at maximum load are 74.23 kN and 2.99 mm, 
respectively. The experimental axial load versus the vertical displacement for the 5 
specimens with 300 mm lengths are graphed in Figure 29.   
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Figure 29: Load vs vertical displacement for 300 mm length 
All five of the specimens have similar loading shapes, only with variation in vertical 
displacement and the load.  Specimen 3 experienced an unusual jump in displacement 
and drop in load at approximately 7 kN, which is attributed to possible debris between 
the isolation plate and the applied load.   
It should be noted that the photo of the tested samples became corrupted during 
copying, but it was recorded that all five of the specimens experienced local buckling 
(LB). 
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5.5 600 mm length results 
Table 11 presents a summary of the maximum axial load and accompanying vertical 
deformation recorded for the five 600 mm tested specimens.  The buckling mode of 
the specimen is noted in the last column of the table: local buckling (LB), distortional 
buckling (DB) or global buckling (GB). 















Specimen 1 71.21 Yes 4.69 Yes LB 
Specimen 2 76.18 No 3.89 No LB 
Specimen 3 71.63 No 4.55 No DB 
Specimen 4 76.05 No 3.14 Yes DB 
Specimen 5 75.66 No 3.72 No LB 
Mean 74.49 kN 4.05 mm 
 
The statistical analysis of the maximum load and the accompanying vertical 
deformation at the maximum load results is summarised in Table B - 3 and Table B - 
4 in Appendix B, respectively.  For both results, if the value falls outside the upper or 
lower bound limit of the 99% confidence interval, it is indicated in the column directly 
next to the considered result in Table 11.  The results that were outside the bounds 
were excluded for the calculation of the mean.  Specimens 1 and 4 were found to be 
outside the confidence interval bounds and were thus excluded for mean calculations.  
The means of the maximum load and deformation at maximum load are 74.49 kN and 
4.05 mm, respectively, for the 600 mm length compression tests. The experimental 
axial load versus the vertical displacement for the 5 specimens with 600 mm lengths 
are graphed in Figure 30.   
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Figure 30: Load vs vertical displacement for 600 mm length 
Specimens 2, 4 and 5 have similar loading shapes where the deformation immediately 
decreased when the buckling load was reached.  Specimens 1 and 3 have more 
evenly distributed graphs where the parabolic shape decreases with a similar gradient 
to the increasing part of the graph. 
Figure 31 illustrates the buckled specimens starting with specimen 1 on the left to 
specimen 5 on the right.  The position where the buckling occurred is encircled in red 
for each specimen.  Specimens 1, 2 and 5 experienced local buckling (LB), whereas 
specimens 3 and 4 experienced either outward or inward distortional buckling (DB) as 
indicated in the last column of Table 11. 
 
Figure 31: 600 mm buckled samples  
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5.6 900 mm length results 
The maximum load resisted by the specimens and the resultant deformations for the 
900 mm specimens are summarised in Table 12.  If the values fall outside the 99% 
confidence interval upper and lower bounds, they are indicated in the column next to 
the respective result.  The buckling mode is noted in the last column: local buckling 
(LB), distortional buckling (DB) or global buckling (GB). 















Specimen 1 62.14 Yes 2.79 Yes GB 
Specimen 2 70.56 No 3.31 No DB 
Specimen 3 73.60 No 3.29 No DB 
Specimen 4 67.56 No 3.30 No DB 
Specimen 5 74.04 No 3.17 No DB 
Mean 71.44 kN 3.27 mm 
 
The statistical analysis of the maximum load and the accompanying vertical 
deformation at the maximum load results is summarised in Table B - 5 and Table B - 
6 in Appendix B, respectively.  The means of the maximum load and deformation at 
max load are 71.44 kN and 3.27 mm, respectively, for the 900 mm length compression 
tests. The experimental axial load versus the vertical displacement for the 5 specimens 
with 900 mm lengths are graphed in Figure 32.   
 
Figure 32: Load vs vertical displacement for 900 mm length 
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All the specimens have similar loading shapes, except for specimen 1 which was 
excluded from the mean calculation as determined in the statistical analysis.  
Figure 33 illustrates the buckled specimens starting with specimen 1 on the left to 
specimen 5 on the right.  The position where the buckling occurred is encircled in red 
for each specimen.  All the specimens experienced outward distortional buckling (DB), 
except specimen 1 which experienced global buckling (GB) as indicated in the last 
column of Table 12. 
 
Figure 33: 900 mm buckled samples 
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5.7 1 200 mm length results 
Table 13 presents a summary of the maximum axial load and accompanying vertical 
deformation recorded for the five 1 200 mm tested specimens.  The buckling mode of 
the specimen is noted in the last column of the table: local buckling (LB), distortional 
buckling (DB) or global buckling (GB). 
Table 13: 1 200 mm results summary 














Specimen 1 64.04 No 3.67 No DB 
Specimen 2 70.81 Yes 3.73 No DB 
Specimen 3 58.73 No 3.89 No DB 
Specimen 4 37.26 Yes 2.79 Yes GB 
Specimen 5 46.28 No 3.40 No GB 
Mean 56.35 kN 3.65 mm 
 
The statistical analysis of the maximum load and the accompanying vertical 
deformation at the maximum load results is summarised in Table B - 7 and Table B - 
8 in Appendix B, respectively.  For both results, if the value falls outside the upper or 
lower bound limit of the 99% confidence interval, it is indicated in the column directly 
next to the considered result in Table 13.  The results that were outside the bounds 
were excluded for the calculation of the mean that was used for comparison.  
Specimens 2 and 4 were found to be outside the confidence interval bounds and were 
thus excluded for mean calculations.  The means of the maximum load and 
deformation at maximum load are 56.35 kN and 3.65 mm, respectively, for the 
compression tests. The experimental axial load versus the vertical displacement for 
the five specimens with 1 200 mm lengths are graphed in Figure 34.   
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Figure 34: Load vs vertical displacement for 1 200 mm length 
Specimen 2 is an outlier as calculated by statistical analysis and is seen in the figure 
to have a larger loading shape.  Specimen 4 is also determined to be an outlier, but 
with a smaller loading shape compared to specimens 1, 3 and 5.  
Figure 35 illustrates the buckled specimens starting with specimen 1 on the left to 
specimen 5 on the right.  The position where the buckling occurred is encircled in red 
for each specimen.  Specimens 4 and 5 experienced global buckling (GB), which 
explains the evenly distributed loading shape of these two in Figure 34.  Specimens 
1, 2 and 3 experienced outward distortional buckling (DB) as indicated in the last 
column of Table 13. 
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Figure 35: 1 200 mm buckled samples 
5.8 1 500 mm length results 
Table 14 presents a summary of the maximum axial load and accompanying vertical 
deformation recorded for the five 1 500 mm tested specimens.  The buckling mode of 
the specimen is noted in the last column of the table: local buckling (LB), distortional 
buckling (DB) or global buckling (GB). 
Table 14: 1 500 mm results summary 














Specimen 1 59.23 No 3.07 No GB 
Specimen 2 64.42 No 4.03 Yes DB 
Specimen 3 45.84 Yes 2.91 No LB 
Specimen 4 61.64 No 3.30 No GB 
Specimen 5 52.33 No 2.93 No GB 
Mean 57.73 kN 3.10 mm 
 
The statistical analysis of the maximum load and the accompanying vertical 
deformation at the maximum load results is summarised in Table B - 9 and Table B - 
10 in Appendix B, respectively.  For both results, if the value falls outside the upper or 
lower bound limit of the 99% confidence interval, it is indicated in the column directly 
next to the considered result in Table 14.  The results that were outside the bounds 
were excluded for the calculation of the mean that was used for comparison.  
Specimens 2 and 3 were found to be outside the confidence interval bounds and were 
thus excluded for mean calculations.  The means of the maximum load and 
deformation at maximum load are 57.73 kN and 3.10 mm, respectively, for the 
compression tests. The experimental axial load versus the vertical displacement for 
the five specimens with 1 500 mm lengths are graphed in Figure 36.   
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Figure 36: Load vs vertical displacement for 1 500 mm length 
From the figure, it is seen that the loading shape of specimen 2 is an outlier above the 
upper bound and conversely specimen 3 is an outlier that falls below the lower bound 
of the statistical analysis. 
Figure 37 illustrates the buckled specimens starting with specimen 1 on the left to 
specimen 5 on the right.  The position where the buckling occurred is encircled in red 
for each specimen.  Specimen 3 experienced local buckling (LB), whereas specimens 
1, 4 and 5 experienced global buckling (GB), and specimen 3 experienced outward 
distortional buckling (DB) as indicated in the last column of Table 14. 
 
Figure 37: 1 500 mm buckled samples 
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5.9 Experimental compression result comparison 
The buckling testing was done over two days with similar temperatures.  The 
temperatures of the first and second day were recorded at 22 °C and 21 °C, 
respectively.  With this minimal difference, error due to thermal expansion is ruled out. 
The mean values of the maximum load and accompanying deformation at the 
maximum load for each specimen length are presented in Table 15. 
Table 15: Experimental compression results summary 
Specimen length (mm) Mean maximum load (kN) 
Mean deformation at max load 
(mm) 
300 74.23 2.99 
600 74.49 4.05 
900 71.44 3.27 
1 200 56.35 3.65 
1 500 57.73 3.10 
 
These results are unexpected as there is no significant difference between the first 
three column lengths with a range of 71.44 to 74.49 kN. The 300 mm specimens are 
classified as short columns, but the 600 mm and 900 mm columns were expected to 
have lower buckling resistance. This indicates that 300 mm to 900 mm columns act 
similarly when subject to axial compression loads. The two longer columns have a 
small range of 56.36 to 57.73 kN and act similarly in compression. 
 
5.10 Critical buckling loads 
Only the specimens that were used to determine the mean experimental vertical 
buckling load were used to determine the mean cross-sectional properties of the 
specimens. In other words, if the specimen results were found to be outside the 
statistical bounds, the measurements were excluded.  Table 16 presents the mean 
values of the measured dimensions (see Figure 18) of the experimental specimens. 
The area, neutral axis and second moment of inertia are presented in the last three 
columns, respectively.  The area, neutral axis and second moment of inertia were 
calculated by applying equations 3, 4 and 5, respectively, from section 2.3 in this 
document. 
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(mm) 𝑰𝒚𝒚 (mm4) 
301.5 77.3 48.8 48.9 18.4 18.1 2 403.0 19.73 146 060.7 
602 77.4 49.0 49.5 18.0 18.1 2 403.9 19.84 148 256.8 
904 77.3 49.3 49.7 18.3 18.2 2 405.6 20.02 150 712.7 
1203 78.7 49.1 49.4 18.6 18.2 2 408.0 19.82 150 339.6 
1 502.7 80.1 49.5 48.7 18.5 18.1 2 409.9 19.60 149 988.2 
 
To obtain the critical buckling loads of the specimens, the elastic modulus of the 
material prescribed in EC3 (𝐸 =   210 𝐺𝑃𝑎), the calculated neutral axis (?̅?) and second 
moment of inertia (𝐼𝑦𝑦) and from Table 16 were applied to equation 1.  The effective 
length factor (k) for the pinned-pinned columns is 1.0, as indicated in Figure 3.  The 
effective length of the specimen and radius of gyration (r) of the cross-section were 
applied to the left side of equation 2 to determine the critical slenderness ratio of the 
specimen.  Similarly, the yield strength for the steel from section 5.1 (𝑓y =
300.34 𝑀𝑃𝑎) and the 𝐸 were applied to the right side of equation 2 to determine the 
critical slenderness ratio of the material. The specimen’s slenderness ratio was 
compared to the critical slenderness ratio of the material in order to determine if the 
buckling was elastic or inelastic.  If the specimen’s slenderness ratio is greater than 
the critical slenderness ratio, then the buckling is elastic, and vice versa for inelastic 
buckling.  These results are presented in Table 17. 
Table 17: Critical buckling 
Experimental 








 Buckling type 
300 3330.26 19.04 15.84 117.48 Inelastic 
600 847.89 19.16 31.42 117.48 Inelastic 
900 382.24 19.28 46.90 117.48 Inelastic 
1 200 215.31 19.20 62.67 117.48 Inelastic 
1 500 137.67 19.13 78.55 117.48 Inelastic 
 
The critical buckling load decreases as the effective length of the column increases.  
The critical buckling loads and buckling type of each length were calculated by the 
procedure provided in section 2.2 in this document.  The critical buckling load of the 
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300 mm specimen is 3 330.26 kN and this decreases to 137.67 kN for the 1 500 mm 
specimen.  All the specimens were determined to experience inelastic buckling. 
5.11 Eurocode 3 resistance values 
For calculating the buckling resistance of the specimens according to Eurocode 3, the 
steel’s yield strength (𝑓𝑦𝑏) of 300.34 MPa and an elastic modulus (𝐸) of 210 GPa 
obtained from section 5.1 were used.  The procedure presented in section 2.5 was 
followed to determine the local (LB), distortional (DB), flexural, torsional and torsional-
flexural (GB) buckling capacities of the specimens.  The minimum value was selected 
as the buckling resistance for each of the experimental lengths and Appendix C 
presents the calculation tables.  The Eurocode 3 (EC3) buckling resistance values for 
the specimens are summarised in Table 18. 











300 119.68 119.68 116.20 116.20 
600 119.91 119.91 102.88 102.88 
900 120.47 120.47 85.29 85.29 
1 200 120.68 120.68 66.06 66.06 
1 500 120.69 120.69 50.52 50.52 
 
For all the specimen lengths, the LB and DB capacities are identical, with lower GB 
capacities. As such, the GB values are the calculated resistance values.  The 
calculated buckling resistance for the 300 mm, 600 mm, 900 mm, 1 200 mm and 1 
500 mm specimens are 116.20 kN, 102.88 kN, 85.29 kN, 66.06 kN and 50.52 kN, 
respectively. 
5.12 SANS 10162-2 (DSM) resistance loads 
In order to calculate the buckling resistance loads by using the DSM as prescribed by 
SANS 10162-2, the prequalified limits of the 75 x 50 x 20 x 2.0 cold-formed lipped 
channel were checked and are summarised in Table 19. 
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Table 19: Prequalified limit checks 
Geometric constraint Value Check 
d/t < 472 1.6 OK 
b1/t <159 24.5 OK 
4 < d1/t < 33 9.2 OK 
0.7 < d/b1 < 5.0 1.6 OK 
0.05 < d1/b1 <0.41 0.4 OK 
E/fy >340 699 OK 
 
Since all the geometric constraint limits are satisfied, the corresponding capacity 
reduction factor ∅𝑐 = 0.85 is applicable.  For the DSM the signature curve for the 
section was initially obtained by means of the FSM.  Figure 38, Figure 39 and Figure 
40 present the local, distortional and global buckling load factors, respectively, as 
generated by the CUFSM software.  The deformed shapes of the 75 x 50 x 20 x 2.0 
cold-formed lipped channel are also illustrated at the top of the figures. 
 
Figure 38: Signature curve: Local buckling 
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Figure 39: Signature curve: Distortional buckling 
 
Figure 40: Signature curve: Global buckling 
As seen in the figures, the minimum values are 2.31 and 2.35 for the local and 
distortional buckling load factors, respectively.  These load factors were used as 
explained in section 2.6 to determine the local and distortional buckling capacities of 
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the cross-section.  The calculations for the buckling load resistance are presented in 
Appendix D.  The calculated buckling resistance loads for the considered specimen 
lengths are summarised and presented in Table 20. 











300 99.52 100.11 99.52 99.52 
600 90.45 100.33 90.45 90.45 
900 77.61 100.75 77.61 77.61 
1 200 63.56 101.35 63.56 63.56 
1 500 50.02 101.82 50.02 50.02 
 
For all the specimen lengths, the LB and GB capacities are identical, with higher DB 
capacities. As such, the GB values are the calculated resistance values.  The 
calculated buckling resistance for the 300 mm, 600 mm, 900 mm, 1 200 mm and 1 
500 mm specimens are 99.52 kN, 90.45 kN, 77.61 kN, 63.56 kN and 50.02 kN, 
respectively. 
5.13 FEA: Simplified models 
A simplified beam FEM was generated to determine the buckling behaviour of each of 
the experimental column lengths.  The horizontal displacements experienced in the 
middle of the specimens from the external vertically applied 100 kN axial load were 
recorded for all analyses.  The post-buckling horizontal deformation shape for the 300, 
600, 900, 1 200 and 1 500 mm specimens are illustrated in exaggerated form in Figure 
41, Figure 42, Figure 43, Figure 44 and Figure 45, respectively. 
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Figure 41: Simplified 300 mm displacement 
 
Figure 42: Simplified 600 mm displacement 
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Figure 43: Simplified 900 mm displacement 
 
 
Figure 44: Simplified 1 200 mm displacement 
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Figure 45: Simplified 1 500 mm displacement 
Elastic buckling failure is defined as the maximum axial load when the elastic limit of 
the material is exceeded.  When elastic buckling failure occurred in the analysis, the 
steel went into the plastic region and the solver then applied sub-increments to obtain 
convergence. The deflected shape of each specimen was taken 50 sub-increments 
after the load increment where buckling occurred.  The horizontal displacement values 
illustrated in the figures are irrelevant and are used only to illustrate that the specimens 
deformed significantly to indicate buckling.  The buckling shape in each model is 
identical, with the only variation in the direction of the horizontal displacement. 
The load factor of the applied 100 kN in the model compared to the horizontal 
displacement for all models is plotted in Figure 46. 
 
Figure 46: Load factor vs horizontal displacement for simplified FEA models 
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The onset of the exponential increase in horizontal displacement indicates that the 
buckling of the member occurred.  The maximum load factor that initiated the buckling 
for each of the models is presented in Table 21. 




factor of 100 kN 
Simplified models 
buckling load (kN) 
300 mm model 1.30 130.00 
600 mm model 1.20 120.00 
900 mm model 1.11 111.00 
1 200 mm model 1.10 110.00 
1 500 mm model 1.14 114.00 
 
Since the load factor is representative of an applied 100 kN vertical axial load, the load 
factor was multiplied by the applied load to obtain the buckling load of the models.  
The calculated buckling loads are presented in the last column of Table 21.  The 
buckling load for the 300 mm model is 130 kN, which decreases to 110 kN for the 1 
200 mm model.  The 1 500 mm model yields a greater resultant buckling load of 114 
kN, which is unexpected, so further investigation is done by reviewing the graphical 
representation of the results. 
In Figure 46, the graph shapes for all models are similar.  Initially, a linear function 
increases vertically until the buckling load factor is reached; thereafter a negative 
exponential function continues.  This shape confirms the non-linear properties of the 
models as it follows a horizontally reflected shape of the stress-strain curve used (see 
Figure 28).  Small deviations from this graph are measured in the 1 200 mm and 1 500 
mm models.  For the 1 200 mm model, the values directly after the buckling load factor 
is reached fall to a lower than expected value for a small amount of displacement.  
This is also seen for the 1 500 mm model, but with an additional variation of the initial 
vertical linear section.  This unexpected behaviour can be attributed to a slender-type 
buckling. 
5.14 FEA: Fine models 
In considering the manufacturing imperfections of the channel sections, the first 
buckling modes were determined for the specimen, and the resultant deformations 
were applied to a new model.  The first four buckling mode shapes for the 300, 600, 
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900, 1 200 and 1500 mm specimens are illustrated in Figure 47, Figure 48, Figure 49, 
Figure 50  and Figure 51, respectively. 
 
Figure 47: 300 mm fine model buckling modes 
 
Figure 48: 600 mm fine model buckling modes 
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Figure 49: 900 mm fine model buckling modes 
 
Figure 50: 1 200 mm fine model buckling modes 
 
Figure 51: 1 500 mm fine model buckling modes 
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It is noted that there were minimal discrepancies between the first four buckling modes 
in terms of the initial deformations.  Only for the 1 500 mm model was the relative 
deformation significantly greater for the first mode (0.12 mm) compared to the second 
mode (0.03 mm).   
Upon completion of the non-linear static analysis with load increments of the enforced 
vertical displacement, the results were captured and plotted as the reaction load 
versus the enforced displacement in Figure 52.  The data of the geometrically perfect 
and imperfect models for all lengths are plotted.   
 
Figure 52: Reaction load vs enforced vertical displacement for fine FEA models 
The 300 mm shape has the greatest initial gradient and reaches the maximum load 
limit of the graph with the least amount of enforced vertical displacement.  The 
gradients and maximum loads decrease as the column length of the model increases.   
Both the 1 500 mm models had the smallest reaction load limit of 110 kN.  There are 
small differences between the perfect and imperfect models, but overall the two 
models follow the same graph function.  For the two 300 mm models, the perfect model 
reaches a point where the load suddenly decreases to a lower loading.  For the 1 200 
mm models, the graph shapes differ after the maximum load, but not in a manner that 
it influenced the results. 
The maximum reaction load from the graphs is interpreted as the buckling load of the 
analysed columns.  The maximum reaction loads for all the models are presented in 
Table 22. 
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Table 22: Maximum reaction loads of fine FEA models 
Fine FEA model Maximum reaction load (kN) 
300 mm perfect model 122.46 
300 mm imperfect model 123.00 
600 mm perfect model 119.50 
600 mm imperfect model 119.27 
900 mm perfect model 116.00 
900 mm imperfect model 113.71 
1 200 mm perfect model 112.00 
1 200 mm imperfect model 111.74 
1 500 mm perfect model 110.00 
1 500 mm imperfect model 110.00 
 
There are small differences between the buckling load of the perfect and imperfect 
models, but overall the imperfect models yield the lowest resultant load.  From this, 
only the buckling load of the geometrically imperfect models was used for comparison 
purposes.  The buckling loads calculated from the fine FEA models are 123.0, 119.27, 
113.71, 111.74 and 110.0 kN for the 300, 600, 900, 1 200 and 1 500 mm specimens, 
respectively. 
Figure 53, Figure 54, Figure 55, Figure 56 and Figure 57 illustrate the deformed shape 
after buckling for the 300, 600, 900, 1 200 and 1 500 mm specimens, respectively.  It 
should be noted that the deformations are shown in an exaggerated shape. 
 
Figure 53: 300 mm fine FEA buckled shape 
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Figure 54: 600 mm fine FEA buckled shape 
 
Figure 55: 900 mm fine FEA buckled shape 
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Figure 56: 1 200 mm fine FEA buckled shape 
 
Figure 57: 1 500 mm fine FEA buckled shape 
It should also be noted that initially analyses were conducted with these models, but 
with a point load applied externally at the centroid of one side of the column, similar to 
the simplified models.  These analyses yielded a local buckling failure on the end 
where the load was applied, and as seen in the Eurocode 3 (see Appendix C) 
calculations, the local buckling resistance of a member is much greater than the design 
capacity of the columns.  Thus, it was unrealistic, and the current modelling approach 
was adopted. 
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5.15 Comparison of results 
The mean buckling loads obtained from experimental tests, calculated critical loads, 
EC3 resistance loads, SANS (using DSM) resistance loads, simplified FEM buckling 
loads and the finely graded imperfect FEM buckling loads are summarised for 
comparison in Table 23.  The buckling loads as per EC3, SANS and the two FEAs 
were calculated by only considering a 1.0 partial loading factor. 
























load (kN) - 
imperfect 
300 74.23 3330.26 116.2 99.52 130.00 123.00 
600 74.49 847.89 102.88 90.45 120.00 119.27 
900 71.44 382.24 85.29 77.61 111.00 113.71 
1 200 56.35 215.31 66.06 63.56 110.00 111.74 
1 500 57.73 137.67 50.52 50.02 114.00 110.00 
 
The theoretical critical buckling loads are much larger for all of the specimen lengths. 
To show this, consider the 300 mm specimen, where the mean experimental load is 
74.23 kN, the SANS resistance load is 99.52 kN, the EC3 resistance load is 116.2 kN, 
the simplified FEM buckling load is 130.0 kN, the fine FEM buckling load is 123.00 kN  
and the theoretical critical buckling load (Pcr) is 3 330.26 kN.  This comparison shows 
that the critical buckling load from first principles is not a true reflection of the buckling 
resistance of a cold-formed lipped steel channel as the values are extremely 
conservative compared to the other values.  The exclusion of the slenderness ratio, 
the complexity of the cross-sectional geometry of the channel and the thin thickness 
are all contributing factors to excluding the critical buckling load from further 
comparison.   
The two FEA buckling loads are greater than the design-based resistance values (EC3 
and SANS), which is attributed to the fact that the FEA considers the non-linear section 
of the stress-strain curve of the steel. In other words, the FEA considers the greater 
ultimate tensile strength (fu) of 371.45 MPa for the steel, and the code-based (EC3 
and SANS) buckling analyses are linear elastic and only consider the lower mean yield 
tensile strength (fy) of 300.34 MPa for the steel.   
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From this exclusion, the mean experimental loads, EC3 resistance, SANS resistance 
and both FEM buckling loads are plotted against the specimen length in Figure 58. 
 
Figure 58: Buckling comparison 
The gradient of the SANS graph is the smallest, followed by the EC3, where the FEA 
analyses have similar gradients. All five of the graphs have decreasing linear 
functions, with only the experimental results showing slight deviations for the 300, 600 
and 1 500 mm specimens.  The experimental buckling loads for 300 and 600 mm 
lengths have almost identical values of 74.23 and 74.49 kN, respectively.  This 
similarity is also seen for the 1 200 and 1 500 mm lengths at 56.35 and 57.73kN, 
respectively.   
The simplified and finely graded FEM analyses yield the greatest buckling resistance 
loads. The EC3 loads are more conservative, but the experimental results are much 
lower, with the exception of the 1 500 mm specimen.  The SANS buckling resistance 
loads are the closest to the experimental loads.  The lower resistance values from the 
Eurocode 3 and SANS were expected as the calculations only considered the linear 
elastic region of the material, whereas the FEM analyses considered the non-linear 
definition, which has a greater stress capacity.  The EC3 and SANS procedures 
overestimate the buckling loads for lengths shorter than 1 500 mm and underestimate 
the buckling load for the 1 500 mm specimen length (50.52 kN and 50.02 kN compared 
to 57.73 kN).  For the 300 mm the EC3 and SANS resistance values are 116.20 kN 
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and 99.52 kN compared to the experimental 74.23 kN load.  Similarly, for the 600 mm 
specimen, the EC3 and SANS resistance values are 102.88 kN and 90.45 kN 
compared to the experimental 74.49 kN load.   
The underestimation of the buckling resistance will yield more conservatively designed 
members and would be preferred.  The overestimation of buckling resistance values 
is concerning as this can lead to failures due to improper design considerations. 
In order to quantify the difference between the experimental buckling loads from the 
various analysis methods, Table 24 presents the percentage difference between each 
of the analysis methods and the mean experimental buckling load.  If the percentage 
difference value is positive, it indicates that the analysis resistance value 
overestimates the experimental buckling load of the specimen. A negative value 
indicates an underestimation. 

















300 74.23 56.5 34.1 75.1 65.7 
600 74.49 38.1 21.4 61.1 60.1 
900 71.44 19.4 8.6 55.4 59.2 
1 200 56.35 17.2 12.8 95.2 98.3 
1 500 57.73 -12.5 -13.4 97.5 90.5 
Average difference (%) 23.8 12.7 76.9 74.8 
 
Only the EC3 and SANS buckling resistance values yield one underestimation of the 
buckling load, with the resultant average difference and overestimation of 23.8% and 
12.7%, respectively.  The simplified FEM overestimates the buckling load by 76.9% 
on average and the fine FEM analyses overestimate the buckling load by 74.8% on 
average of the experimental capacity.   
 
Table 25 presents proposed correlation factors to be applied to the various calculated 
buckling capacities to correlate the analyses results with the experimental results.  The 
correlation factor is separated by the slenderness ratio of the 600 mm column for the 
Eurocode 3 and SANS methods, which can be approximated to 30.0.  Similarly, it is 
separated into two factors for the varying slenderness ratio for the FEM results.  The 
A comparison investigation into analysis methods to determine the buckling  
capacity of South African cold-formed steel lipped channel sections 
82 
 
same factor is proposed for both FEA methods, because they yield similar results, 
while also considering imperfections. 





















300 15.84 60 0.63 35 0.74 80 0.56 
600 31.42 60 0.63 35 0.74 80 0.56 
900 46.90 20 0.83 10 0.91 60 0.50 
1 200 62.67 20 0.83 10 0.91 100 0.50 
1 500 78.55 20 0.83 10 0.91 100 0.50 
 
For academic interest, Figure 59 presents the adjusted buckling resistance values.  
Proposed correlation factors of 0.63, 0.74 and 0.56 were applied to the shorter 
columns (300 and 600 mm) for the Eurocode 3, SANS 10162-2 and FEM results, 
respectively.  Similarly, proposed correlation factors of 0.83, 0.91 and 0.50 were 
applied to the longer columns (900, 1 200 and 1 500 mm) for the Eurocode 3, SANS 
10162-2  and FEM results, respectively. 
 
Figure 59: Factored resistance values 
The adjusted values yield graphs with some degree of linearity, but with differing 
gradients in different sections.  All the adjusted resistance values fall below the 
experimentally obtained buckling loads, which is preferable as they will not exceed 
design limitations.  
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Chapter 6:  CONCLUSION AND RECOMMENDATIONS 
Tensile tests were completed to determine the mechanical material properties of the 
steel used in this investigation.  The yield strength was obtained by determining the 
0.2% proof yield stress.  After statistical analysis, the resultant yield strength was found 
to be 303.4 MPa and the ultimate strength of the steel 371.45 MPa.  The mean strain 
at fracture was recorded as 22.25% for a gauge length on the test piece (Lo) of 70.0 
mm, which is higher than the code specification values.  The calculated elastic 
modulus was 21.81 GPa, which is approximately out by a factor of 10 compared to the 
expected range of 200 to 210 GPa for steel.   
The low elastic modulus would yield unrealistic calculated buckling resistance values 
and defeat the purpose of this study.  For this reason, the Eurocode 3 prescribed 
values of 210 GPa for the elastic modulus and 81 GPa for the shear modulus were 
adopted for the calculation of the buckling loads in the different analysis methods. 
From the analyses, it is concluded that it is very difficult to estimate the buckling load, 
mode, or shape of a cold-formed steel lipped channel.  For the buckling load of the 
various analysis methods applied in this study, the DSM as in the SANS 10162-2 
method yields the closest values to the experimentally obtained buckling loads, 
followed by the Eurocode 3 buckling resistance loads.  Two different FEA methods 
were considered in the study: a simplified model and a finely meshed model.  A 
simplified FEA method yielded an overestimation of 76.9% and a finely meshed FEA 
yielded a 74.8% overestimation for when determining the buckling resistance of a 
concentrically loaded cold-formed lipped channel.  Both the simplified and finely 
graded FEA models yielded similar buckling loads.  From this, the simplified FEA is 
recommended for future FEA investigations, as this method is less complicated and 
has faster solution times.   
For the five considered column lengths, the experimental buckling loads did not follow 
a linear pattern.  The results were unexpected as there is no significant difference 
between the first three column lengths (300, 600 and 900 mm) with a range of 71.44 
to 74.49 kN.  The two longer column lengths (1 200 and 1 500 mm) have a small range 
of 56.36 to 57.73 kN. 
The Eurocode 3 and SANS 10162-2 buckling resistance values overestimate the 
experimentally obtained buckling loads by 23.8% and 12.7%, respectively. The results 
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are in line with a study conducted by Dundu [4] which compared experimental results 
with the SANS 10162-2 calculated buckling resistance values of short cold-formed 
lipped channels. Dundu [4] also found that the code is not conservative enough to 
cater for the design of columns. 
The results are also in agreement with the research conducted by West-Russell et al. 
[2], who recommended that different capacity reduction factors be applied for cold-
formed steel columns. 
In conclusion, it is recommended that the DSM, as prescribed in SANS 10162-2, is 
used to calculate the buckling resistance of cold-formed lipped channels.  As it is the 
design method that yields the most realistic and conservative structural capacities of 
cold-formed steel sections in compression.   
It is recommended that the capacity reduction factors must be considered for 
adjustment in SANS 10162-2 and it is a proposed topic for future studies. 
The proposed correlation factors in this document for the analysis methods considered 
are not recommended for design use.  They are provided for academic interest only.  
It is recommended that the experimental results be verified in a similar investigation, 
due to the uncertainty of the quality of steel.  
In summary of the research questions. It is recommended that the material’s 
mechanical properties are obtained by the method presented in ASTM E8/E8m - 16a 
[16].  SANS 10162-2 is the prefered design method for cold-formed steel section that 
experience axial compression.  With the tedious and time-consuming nature of setting 
up an FEA, it is recommended that future studies only consider the EC3, SANS 
procedures and experimental tests to determine the buckling capacity of cold-formed 
steel sections. 
A possible topic for future studies is an investigation into a limiting slenderness ratio 
to distinguish between short and slender classification for a cold-formed steel lipped 
channel column.  The purpose of this proposed investigation would be to obtain a 
slenderness limit in a similar manner as presented for hot-rolled steel sections.  
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Table A - 1: Statistical analysis of tensile testing results 
Yield strength (MPa) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 298.82 
Standard Deviation, 𝜎 3.37 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 295.87 and 301.77 
95% confident that error will not exceed 2.96 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 294.94 and 302.7 
99% confident that error will not exceed 3.89 from the mean 
 







Specimen 1 292.75 Yes 
Specimen 2 302.03 No 
Specimen 3 297.68 No 
Specimen 4 300.43 No 
Specimen 5 301.22 No 
Mean 300.34 MPa  
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Table B - 1: Statistical analysis of maximum load for 300 mm specimens 
Maximum Load (kN) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 74.32 
Standard Deviation, 𝜎 0.28 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 74.07 and 74.57 
95% confident that error will not exceed 0.25 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 73.99 and 74.65 
99% confident that error will not exceed 0.33 from the mean 
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Table B - 2: Statistical analysis of displacement at max load for 300 mm specimens 
Deformation at max load (mm) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 2.91 
Standard Deviation, 𝜎 0.33 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 2.62 and 3.19 
95% confident that error will not exceed 0.29 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 2.53 and 3.28 
99% confident that error will not exceed 0.38 from the mean 
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Table B - 3: Statistical analysis of maximum load for 600 mm specimens 
Maximum Load (kN) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 74.14 
Standard Deviation, 𝜎 2.24 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 72.18 and 76.1 
95% confident that error will not exceed 1.97 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 71.56 and 76.71 
99% confident that error will not exceed 2.58 from the mean 
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Table B - 4: Statistical analysis of displacement at max load for 600 mm specimens 
Deformation at max load (mm) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 4.00 
Standard Deviation, 𝜎 0.57 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 3.5 and 4.49 
95% confident that error will not exceed 0.5 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 3.34 and 4.64 
99% confident that error will not exceed 0.66 from the mean 
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Table B - 5: Statistical analysis of maximum load for 900 mm specimens 
Maximum Load (kN) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 69.58 
Standard Deviation, 𝜎 4.39 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 65.73 and 73.43 
95% confident that error will not exceed 3.85 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 64.52 and 74.63 
99% confident that error will not exceed 5.06 from the mean 
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Table B - 6: Statistical analysis of displacement at max load for 900 mm specimens 
Deformation at max load (mm) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 3.17 
Standard Deviation, 𝜎 0.20 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 2.99 and 3.34 
95% confident that error will not exceed 0.18 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 2.94 and 3.4 
99% confident that error will not exceed 0.23 from the mean 
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Table B - 7: Statistical analysis of maximum load for 1 200 mm specimens 
Maximum Load (kN) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 55.43 
Standard Deviation, 𝜎 12.13 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 44.79 and 66.05 
95% confident that error will not exceed 10.64 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 41.45 and 69.39 
99% confident that error will not exceed 13.97 from the mean 
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Table B - 8: Statistical analysis of displacement at max load for 1 200 mm specimens 
Deformation at max load (mm) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 3.50 
Standard Deviation, 𝜎 0.38 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that u is between 3.15 and 3.83 
95% confident that error will not exceed 0.34 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 3.05 and 3.93 
99% confident that error will not exceed 0.45 from the mean 
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Table B - 9: Statistical analysis of maximum load for 1 500 mm specimens 
Maximum Load (kN) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 56.69 
Standard Deviation, 𝜎 6.74 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 50.78 and 62.6 
95% confident that error will not exceed 5.91 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 48.92 and 64.45 
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Table B - 10: Statistical analysis of displacement at max load for 1 500 mm specimens 
Deformation at max load (mm) 
Statistical analysis - 95% confidence 
Sample mean, ?̅? 3.25 
Standard Deviation, 𝜎 0.42 
Sample size, 𝑛 5 
𝑧0.025 1.96 










95% confident that Population mean (𝜇) is between 2.88 and 3.61 
95% confident that error will not exceed 0.37 from the mean 
Statistical analysis - 99% confidence 
𝑧0.005 2.58 










99% confident that Population mean (𝜇) is between 2.76 and 3.72 
99% confident that error will not exceed 0.48 from the mean 
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Table C - 1: 300 mm specimen local buckling capacity 
Eurocode 3 calculation 
Description Local Buckling Code reference 
Gross Area Ag 407.00 mm2  
Neutral axis x 18.73 mm  
Web height h 75.30 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 46.85 mm  
Average Lip length c 17.25 mm  
Effective width of web  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.749  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 0.943  EN 1993-1-5 Section 4.4 
Effective width of web heff 70.98 mm  
Effective width of Flanges  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.466  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1.000  EN 1993-1-5 Section 4.4 
Effective width of Flanges beff 46.85 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 0.43  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.524  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.25 mm  
Local Buckling Capacity  
Effective Area Aeff 398.36 mm2  
Local Buckling Capacity Nb,Rd 119.68 kN EN 1993-1-1 Section 6.3 
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Table C - 2: 300 mm specimen distortional buckling capacity 
Eurocode 3 calculation 
Description Distortional Buckling Code reference 
Gross Area Ag 407.00 mm2  
Neutral axis x 18.73 mm  
Web height h 75.30 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 46.85 mm  
Average Lip length c 17.25 mm  
Effective width of web  
Effective width of web heff 70.98 mm  
Effective width of Flanges  
Effective width of Flanges beff 46.85 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
For single fold stiffener kσ 0.557  EN 1993-1-3 Section 5.5.3.2 
Plate Slenderness λp 0.460  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.25 mm  
Effective stiffener section  
Area of stiffener section Astiff 81.35 mm2 EN 1993-1-3 Figure 5.7 
Neutral axis of stiffener ya 3.66 mm  
Neutral axis of stiffener yb 6.75 mm  
Moment of Inertia of section Istiff 2349.16 mm4 EN 1993-1-3 Figure 5.7 
Linear spring stiffness K 1.875 N/mm EN 1993-1-3 Section 5.5.3.1 
Critical Buckling stress σcr,s 747.69 N/mm2 EN 1993-1-3 Section 5.5.3.2 
Relative Slenderness λd 0.634  
EN 1993-1-3 Section 5.5.3.1 
(7) 
Reduction Factor for DB Xd 1.000  
EN 1993-1-3 Section 5.5.3.1 
(7) 
Reduced Area of Stiffener Astiff,red 81.35 mm2  
Reduced section thickness tred 2.000 mm  
Effective Area of section AeffDB 398.36 mm2  
Distortional Buckling Capacity Nb,Rd 119.68 kN EN 1993-1-1 Section 6.3 
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Table C - 3: 300 mm member buckling resistance 
EC3: Member resistance in Compression 
Description Flexural buckling Code reference 
Effective Length Leff 301.5 mm  
Critical Buckling x-x Ncrx 8208.18 kN EN 1993-1-1 Section 6.3.1.2 
Critical Buckling y-y Ncry 3420.08 kN EN 1993-1-1 Section 6.3.1.2 
Torsional Buckling  
 𝑖02 3547.78 mm2 EN 1993-1-3 Section 6.2.3 
Critical force Ncr,T 1731.36 kN EN 1993-1-3 Section 6.2.3 
Torsional Flexural Buckling  
 β 0.36  EN 1993-1-3 Section 6.2.3 
Critical force Ncr,TF 1512.30 kN EN 1993-1-3 Section 6.2.3 
Member Buckling Resistance  
Critical force Ncr 1512.30 kN  
slenderness ratio λ 0.28   
Buckling curve  b   
imperfection factor α 0.34  EN 1993-1-1 Table 6.1 
intermediate factor φ 0.553  EN 1993-1-1 Section 6.3.1.2 
Reduction factor χ 0.971  EN 1993-1-1 Section 6.3.1.2 
Material factor 𝛾𝑚1  1   
Design resistance Nb,Rd 116.20 kN EN 1993-1-1 Section 6.3.1.1 
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Table C - 4: 600 mm specimen local buckling capacity 
Eurocode 3 calculation 
Description Local Buckling Code reference 
Gross Area Ag 407.87 mm2  
Neutral axis x 18.84 mm  
Web height h 75.37 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.25 mm  
Average Lip length c 17.03 mm  
Effective width of web  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.750  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 0.942  EN 1993-1-5 Section 4.4 
Effective width of web heff 71.00 mm  
Effective width of Flanges  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.470  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1.000  EN 1993-1-5 Section 4.4 
Effective width of Flanges beff 47.25 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 0.43  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.517  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.03333 mm  
Local Buckling Capacity  
Effective Area Aeff 399.14 mm2  
Local Buckling Capacity Nb,Rd 119.91 kN EN 1993-1-1 Section 6.3 
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Table C - 5: 600 mm specimen distortional buckling capacity 
Eurocode 3 calculation 
Description Distortional Buckling Code reference 
Gross Area Ag 407.87 mm2  
Neutral axis x 18.84 mm  
Web height h 75.37 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.25 mm  
Average Lip length c 17.03 mm  
Effective width of web  
Effective width of web heff 72.46 mm  
Effective width of Flanges  
Effective width of Flanges beff 47.25 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
For single fold stiffener kσ 0.540  EN 1993-1-3 Section 5.5.3.2 
Plate Slenderness λp 0.462  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.03333 mm  
Effective stiffener section  
Area of stiffener section Astiff 81.32 mm2 EN 1993-1-3 Figure 5.7 
Neutral axis of stiffener ya 3.57 mm  
Neutral axis of stiffener yb 6.86 mm  
Moment of Inertia of section Istiff 2275.2 mm4 EN 1993-1-3 Figure 5.7 
Linear spring stiffness K 1.844 N/mm EN 1993-1-3 Section 5.5.3.1 
Critical Buckling stress σcr,s 730.09 N/mm2 EN 1993-1-3 Section 5.5.3.2 
Relative Slenderness λd 0.641  EN 1993-1-3 Section 5.5.3.1 (7) 
Reduction Factor for DB Xd 1.000  EN 1993-1-3 Section 5.5.3.1 (7) 
Reduced Area of Stiffener Astiff,red 81.32 mm2  
Reduced section thickness tred 2.000 mm  
Effective Area of section AeffDB 399.14 mm2  
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Table C - 6: 600 mm member buckling resistance 
EC3: Member resistance in Compression 
Description Flexural buckling Code reference 
Effective Length Leff 602 mm  
Critical Buckling x-x Ncrx 2058.87 kN EN 1993-1-1 Section 6.3.1.2 
Critical Buckling y-y Ncry 857.86 kN EN 1993-1-1 Section 6.3.1.2 
Torsional Buckling  
  3547.78 mm2 EN 1993-1-3 Section 6.2.3 
Critical force Ncr,T 443.43 kN EN 1993-1-3 Section 6.2.3 
Torsional Flexural Buckling  
 β 0.36  EN 1993-1-3 Section 6.2.3 
Critical force Ncr,TF 386.23 kN EN 1993-1-3 Section 6.2.3 
Member Buckling Resistance  
Critical force Ncr 386.23 kN  
slenderness ratio λ 0.56   
Buckling curve  b   
imperfection factor α 0.34  EN 1993-1-1 Table 6.1 
intermediate factor φ 0.716  EN 1993-1-1 Section 6.3.1.2 
Reduction factor χ 0.858  EN 1993-1-1 Section 6.3.1.2 
Material factor  1   
Design resistance Nb,Rd 102.88 kN EN 1993-1-1 Section 6.3.1.1 
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Table C - 7: 900 mm specimen local buckling capacity 
Eurocode 3 calculation 
Description Local Buckling Code reference 
Gross Area Ag 409.60 mm2  
Neutral axis x 19.02 mm  
Web height h 75.28 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.50 mm  
Average Lip length c 17.26 mm  
Effective width of web  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.749  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 0.943  EN 1993-1-5 Section 4.4 
Effective width of web heff 70.97 mm  
Effective width of Flanges  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.473  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1.000  EN 1993-1-5 Section 4.4 
Effective width of Flanges beff 47.50 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 0.43  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.524  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.2625 mm  
Local Buckling Capacity  
Effective Area Aeff 400.99 mm2  
Local Buckling Capacity Nb,Rd 120.47 kN EN 1993-1-1 Section 6.3 
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Table C - 8: 900 mm specimen distortional buckling capacity 
Eurocode 3 calculation 
Description Distortional Buckling Code reference 
Gross Area Ag 409.60 mm2  
Neutral axis x 19.02 mm  
Web height h 75.28 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.50 mm  
Average Lip length c 17.26 mm  
Effective width of web  
Effective width of web heff 70.97 mm  
Effective width of Flanges  
Effective width of Flanges beff 47.50 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
For single fold stiffener kσ 0.547  EN 1993-1-3 Section 5.5.3.2 
Plate Slenderness λp 0.465  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.2625 mm  
Effective stiffener section  
Area of stiffener section Astiff 82.03 mm2 EN 1993-1-3 Figure 5.7 
Neutral axis of stiffener ya 3.63 mm  
Neutral axis of stiffener yb 6.88 mm  
Moment of Inertia of section Istiff 2362.645 mm4 EN 1993-1-3 Figure 5.7 
Linear spring stiffness K 1.822 N/mm EN 1993-1-3 Section 5.5.3.1 
Critical Buckling stress σcr,s 733.02 N/mm2 EN 1993-1-3 Section 5.5.3.2 
Relative Slenderness λd 0.640  EN 1993-1-3 Section 5.5.3.1 (7) 
Reduction Factor for DB Xd 1.000  EN 1993-1-3 Section 5.5.3.1 (7) 
Reduced Area of Stiffener Astiff,red 82.03 mm2  
Reduced section thickness tred 2.000 mm  
Effective Area of section AeffDB 400.99 mm2  
Distortional Buckling Capacity Nb,Rd 120.47 kN EN 1993-1-1 Section 6.3 
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Table C - 9: 900 mm member buckling resistance 
EC3: Member resistance in Compression 
Description Flexural buckling Code reference 
Effective Length Leff 904 mm  
Critical Buckling x-x Ncrx 913.03 kN EN 1993-1-1 Section 6.3.1.2 
Critical Buckling y-y Ncry 380.43 kN EN 1993-1-1 Section 6.3.1.2 
Torsional Buckling  
  3547.78 mm2 EN 1993-1-3 Section 6.2.3 
Critical force Ncr,T 203.44 kN EN 1993-1-3 Section 6.2.3 
Torsional Flexural Buckling  
 β 0.36  EN 1993-1-3 Section 6.2.3 
Critical force Ncr,TF 176.36 kN EN 1993-1-3 Section 6.2.3 
Member Buckling Resistance  
Critical force Ncr 176.36 kN  
slenderness ratio λ 0.83   
Buckling curve  b   
imperfection factor α 0.34  EN 1993-1-1 Table 6.1 
intermediate factor φ 0.948  EN 1993-1-1 Section 6.3.1.2 
Reduction factor χ 0.708  EN 1993-1-1 Section 6.3.1.2 
Material factor  1   
Design resistance Nb,Rd 85.29 kN EN 1993-1-1 Section 6.3.1.1 
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Table C - 10: 1 200 mm specimen local buckling capacity 
Eurocode 3 calculation 
Description Local Buckling Code reference 
Gross Area Ag 412.00 mm2  
Neutral axis x 18.82 mm  
Web height h 76.67 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.23 mm  
Average Lip length c 17.43 mm  
Effective width of web  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.763  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 0.933  EN 1993-1-5 Section 4.4 
Effective width of web heff 71.50 mm  
Effective width of Flanges  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.470  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1.000  EN 1993-1-5 Section 4.4 
Effective width of Flanges beff 47.23 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 0.43  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.529  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.43333 mm  
Local Buckling Capacity  
Effective Area Aeff 401.68 mm2  
Local Buckling Capacity Nb,Rd 120.68 kN EN 1993-1-1 Section 6.3 
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Table C - 11: 1 200 mm specimen distortional buckling capacity 
Eurocode 3 calculation 
Description Distortional Buckling Code reference 
Gross Area Ag 412.00 mm2  
Neutral axis x 18.82 mm  
Web height h 76.67 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.23 mm  
Average Lip length c 17.43 mm  
Effective width of web  
Effective width of web heff 71.50 mm  
Effective width of Flanges  
Effective width of Flanges beff 47.23 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
For single fold stiffener kσ 0.559  EN 1993-1-3 Section 5.5.3.2 
Plate Slenderness λp 0.464  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.43333 mm  
Effective stiffener section  
Area of stiffener section Astiff 82.10 mm2 EN 1993-1-3 Figure 5.7 
Neutral axis of stiffener ya 3.70 mm  
Neutral axis of stiffener yb 6.79 mm  
Moment of Inertia of section Istiff 2422.916 mm4 EN 1993-1-3 Figure 5.7 
Linear spring stiffness K 1.816 N/mm EN 1993-1-3 Section 5.5.3.1 
Critical Buckling stress σcr,s 740.42 N/mm2 EN 1993-1-3 Section 5.5.3.2 
Relative Slenderness λd 0.637  EN 1993-1-3 Section 5.5.3.1 (7) 
Reduction Factor for DB Xd 1.000  EN 1993-1-3 Section 5.5.3.1 (7) 
Reduced Area of Stiffener Astiff,red 82.10 mm2  
Reduced section thickness tred 2.000 mm  
Effective Area of section AeffDB 401.68 mm2  
Distortional Buckling Capacity Nb,Rd 120.68 kN EN 1993-1-1 Section 6.3 
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Table C - 12: 1 200 mm member buckling resistance 
EC3: Member resistance in Compression 
Description Flexural buckling Code reference 
Effective Length Leff 1203 mm  
Critical Buckling x-x Ncrx 515.57 kN EN 1993-1-1 Section 6.3.1.2 
Critical Buckling y-y Ncry 214.82 kN EN 1993-1-1 Section 6.3.1.2 
Torsional Buckling  
  3547.78 mm2 EN 1993-1-3 Section 6.2.3 
Critical force Ncr,T 120.20 kN EN 1993-1-3 Section 6.2.3 
Torsional Flexural Buckling  
 β 0.36  EN 1993-1-3 Section 6.2.3 
Critical force Ncr,TF 103.52 kN EN 1993-1-3 Section 6.2.3 
Member Buckling Resistance  
Critical force Ncr 103.52 kN  
slenderness ratio λ 1.08   
Buckling curve  b   
imperfection factor α 0.34  EN 1993-1-1 Table 6.1 
intermediate factor φ 1.232  EN 1993-1-1 Section 6.3.1.2 
Reduction factor χ 0.547  EN 1993-1-1 Section 6.3.1.2 
Material factor  1   
Design resistance Nb,Rd 66.06 kN EN 1993-1-1 Section 6.3.1.1 
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Table C - 13: 1 500 mm specimen local buckling capacity 
Eurocode 3 calculation 
Description Local Buckling Code reference 
Gross Area Ag 413.87 mm2  
Neutral axis x 18.60 mm  
Web height h 78.10 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.08 mm  
Average Lip length c 17.33 mm  
Effective width of web  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.777  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 0.922  EN 1993-1-5 Section 4.4 
Effective width of web heff 72.04 mm  
Effective width of Flanges  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 4  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.469  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1.000  EN 1993-1-5 Section 4.4 
Effective width of Flanges beff 47.08 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
Buckling factor kσ 0.43  EN 1993-1-5 Table 4.1 
Plate Slenderness λp 0.526  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.33333 mm  
Local Buckling Capacity  
Effective Area Aeff 401.74 mm2  
Local Buckling Capacity Nb,Rd 120.69 kN EN 1993-1-1 Section 6.3 
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Table C - 14: 1 500 mm specimen distortional buckling capacity 
Eurocode 3 calculation 
Description Distortional Buckling Code reference 
Gross Area Ag 413.87 mm2  
Neutral axis x 18.60 mm  
Web height h 78.10 mm  
nominal thickness tnom 2.00 mm  
Average Flange width b 47.08 mm  
Average Lip length c 17.33 mm  
Effective width of web  
Effective width of web heff 72.04 mm  
Effective width of Flanges  
Effective width of Flanges beff 47.08 mm  
Effective width of Lips  
 ε 0.884  EN 1993-1-5 Section 4.4 
For single fold stiffener kσ 0.557  EN 1993-1-3 Section 5.5.3.2 
Plate Slenderness λp 0.462  EN 1993-1-5 Section 4.4 
Stress ratio ψ 1  EN 1993-1-5 Table 4.1 
Reduction Factor p 1  EN 1993-1-5 Section 4.4 
Effective width of Lips ceff 17.33333 mm  
Effective stiffener section  
Area of stiffener section Astiff 81.75 mm2 EN 1993-1-3 Figure 5.7 
Neutral axis of stiffener ya 3.68 mm  
Neutral axis of stiffener yb 6.78 mm  
Moment of Inertia of section Istiff 2383.315 mm4 EN 1993-1-3 Figure 5.7 
Linear spring stiffness K 1.805 N/mm EN 1993-1-3 Section 5.5.3.1 
Critical Buckling stress σcr,s 735.23 N/mm2 EN 1993-1-3 Section 5.5.3.2 
Relative Slenderness λd 0.639  
EN 1993-1-3 Section 5.5.3.1 
(7) 
Reduction Factor for DB Xd 1.000  
EN 1993-1-3 Section 5.5.3.1 
(7) 
Reduced Area of Stiffener Astiff,red 81.75 mm2  
Reduced section thickness tred 2.000 mm  
Effective Area of section AeffDB 401.74 mm2  
Distortional Buckling Capacity Nb,Rd 120.69 kN EN 1993-1-1 Section 6.3 
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Table C - 15: 1 500 mm member buckling resistance 
EC3: Member resistance in Compression 
Description Flexural buckling Code reference 
Effective Length Leff 1502.6667 mm  
Critical Buckling x-x Ncrx 330.44 kN EN 1993-1-1 Section 6.3.1.2 
Critical Buckling y-y Ncry 137.68 kN EN 1993-1-1 Section 6.3.1.2 
Torsional Buckling  
  3547.78 mm2 EN 1993-1-3 Section 6.2.3 
Critical force Ncr,T 81.42 kN EN 1993-1-3 Section 6.2.3 
Torsional Flexural Buckling  
 β 0.36  EN 1993-1-3 Section 6.2.3 
Critical force Ncr,TF 69.54 kN EN 1993-1-3 Section 6.2.3 
Member Buckling Resistance  
Critical force Ncr 69.54 kN  
slenderness ratio λ 1.32   
Buckling curve  b   
imperfection factor α 0.34  EN 1993-1-1 Table 6.1 
intermediate factor φ 1.558  EN 1993-1-1 Section 6.3.1.2 
Reduction factor χ 0.419  EN 1993-1-1 Section 6.3.1.2 
Material factor  1   












A comparison investigation into analysis methods to determine the buckling  




Table D - 1: 300 mm specimen buckling capacity 
SANS 10162-2 Flexural, torsional or flexural-torsional (Global) buckling 
Description 
Symbo
l Value Unit Code reference 
Nominal Yield Capacity Ny 121.07 kN   
Effective Length Leff 301.5 mm    
foc1 for closed cross-sections foc1 8492.96 
MP
a   
Global Buckling (GB) Capacity   
Polar radius of gyration r01 59.56 mm   
Stress coefficient βf 0.36     




a   
About z-z axis foz 4296.17 
MP
a   
foc2 for non-closed cross-sections foxz 3756.36 
MP
a   
Elastic Buckling Ncr,e 1513.81 kN   
slenderness ratio for GB λc 0.28     
Nominal GB Capacity (φc = 0.85) Nce 99.52 kN cl 7.2.1.2 
Local Buckling (LB) Capacity   
Local Buckling Load Factor Ncr,l/Ny 2.31 From CUFSM graph 
Critical Local Buckling Capacity Ncr,l 279.68 kN   
slenderness ratio for LB λ1 0.597     
Nominal LB Capacity (φc = 0.85) Ncl 99.52 kN cl 7.2.1.3 
Distortional Buckling (DB) Capacity   
Distortional Buckling Load Factor Ncr,d/Ny 2.35 From CUFSM graph 
Critical DB Capacity Ncr,d 284.52 kN   
slenderness ratio for DB λd 0.652     
Nominal DB Capacity (φc = 0.85) Ncd 100.11 kN cl 7.2.1.4 
Nominal Capacity of Compression Member   
Compression Buckling capacity  Nd 99.52 kN cl 7.2.1.1 
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Table D - 2: 600 mm specimen buckling capacity 
SANS 10162-2 Flexural, torsional or flexural-torsional (Global) buckling 
Description 
Symbo
l Value Unit Code reference 
Nominal Yield Capacity Ny 121.34 kN   
Effective Length Leff 602 mm    




a   
Global Buckling (GB) Capacity   
Polar radius of gyration r01 59.56 mm   
Stress coefficient βf 0.36     




a   




a   
foc2 for non-closed cross-sections foxz 957.52 
MP
a   
Elastic Buckling Ncr,e 386.74 kN   
slenderness ratio for GB λc 0.56     
Nominal GB Capacity (φc = 0.85) Nce 90.45 kN cl 7.2.1.2 
Local Buckling (LB) Capacity   
Local Buckling Load Factor Ncr,l/Ny 2.31 From CUFSM graph 
Critical Local Buckling Capacity Ncr,l 280.30 kN   
slenderness ratio for LB λ1 0.568     
Nominal LB Capacity (φc = 0.85) Ncl 90.45 kN cl 7.2.1.3 
Distortional Buckling (DB) Capacity   
Distortional Buckling Load Factor Ncr,d/Ny 2.35 From CUFSM graph 
Critical DB Capacity Ncr,d 285.16 kN   
slenderness ratio for DB λd 0.652     
Nominal DB Capacity (φc = 0.85) Ncd 100.33 kN cl 7.2.1.4 
Nominal Capacity of Compression Member   
Compression Buckling capacity  Nd 90.45 kN cl 7.2.1.1 
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Table D - 3: 900 mm specimen buckling capacity 
SANS 10162-2 Flexural, torsional or flexural-torsional (Global) buckling 
Description 
Symbo
l Value Unit Code reference 
Nominal Yield Capacity Ny 121.85 kN   
Effective Length Leff 904 mm    
foc1 for closed cross-sections foc1 944.71 
MP
a   
Global Buckling (GB) Capacity   
Polar radius of gyration r01 59.56 mm   
Stress coefficient βf 0.36     




a   
About z-z axis foz 501.58 
MP
a   
foc2 for non-closed cross-sections foxz 435.67 
MP
a   
Elastic Buckling Ncr,e 176.71 kN   
slenderness ratio for GB λc 0.83     
Nominal GB Capacity (φc = 0.85) Nce 77.61 kN cl 7.2.1.2 
Local Buckling (LB) Capacity   
Local Buckling Load Factor Ncr,l/Ny 2.31 From CUFSM graph 
Critical Local Buckling Capacity Ncr,l 281.48 kN   
slenderness ratio for LB λ1 0.525     
Nominal LB Capacity (φc = 0.85) Ncl 77.61 kN cl 7.2.1.3 
Distortional Buckling (DB) Capacity   
Distortional Buckling Load Factor Ncr,d/Ny 2.35 From CUFSM graph 
Critical DB Capacity Ncr,d 286.36 kN   
slenderness ratio for DB λd 0.652     
Nominal DB Capacity (φc = 0.85) Ncd 100.75 kN cl 7.2.1.4 
Nominal Capacity of Compression Member   
Compression Buckling capacity  Nd 77.61 kN cl 7.2.1.1 
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Table D - 4: 1 200 mm specimen buckling capacity 
SANS 10162-2 Flexural, torsional or flexural-torsional (Global) buckling 
Description 
Symbo
l Value Unit Code reference 
Nominal Yield Capacity Ny 122.58 kN   
Effective Length Leff 1203 mm    
foc1 for closed cross-sections foc1 533.46 
MP
a   
Global Buckling (GB) Capacity   
Polar radius of gyration r01 59.56 mm   
Stress coefficient βf 0.36     




a   
About z-z axis foz 294.60 
MP
a   
foc2 for non-closed cross-sections foxz 254.46 
MP
a   
Elastic Buckling Ncr,e 103.82 kN   
slenderness ratio for GB λc 1.09     
Nominal GB Capacity (φc = 0.85) Nce 63.56 kN cl 7.2.1.2 
Local Buckling (LB) Capacity   
Local Buckling Load Factor Ncr,l/Ny 2.31 From CUFSM graph 
Critical Local Buckling Capacity Ncr,l 283.15 kN   
slenderness ratio for LB λ1 0.474     
Nominal LB Capacity (φc = 0.85) Ncl 63.56 kN cl 7.2.1.3 
Distortional Buckling (DB) Capacity   
Distortional Buckling Load Factor Ncr,d/Ny 2.35 From CUFSM graph 
Critical DB Capacity Ncr,d 288.05 kN   
slenderness ratio for DB λd 0.652     
Nominal DB Capacity (φc = 0.85) Ncd 101.35 kN cl 7.2.1.4 
Nominal Capacity of Compression Member   
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Table D - 5: 1 500 mm specimen buckling capacity 
SANS 10162-2 Flexural, torsional or flexural-torsional (Global) buckling 
Description 
Symbo
l Value Unit Code reference 
Nominal Yield Capacity Ny 
123.1
5 kN   
Effective Length Leff 
1502.
7 mm    




a   
Global Buckling (GB) Capacity   
Polar radius of gyration r01 59.56 mm   
Stress coefficient βf 0.36     




a   




a   




a   
Elastic Buckling Ncr,e 69.80 kN   
slenderness ratio for GB λc 1.33     
Nominal GB Capacity (φc = 0.85) Nce 50.02 kN cl 7.2.1.2 
Local Buckling (LB) Capacity   
Local Buckling Load Factor Ncr,l/Ny 2.31 From CUFSM graph 
Critical Local Buckling Capacity Ncr,l 
284.4
7 kN   
slenderness ratio for LB λ1 0.419     
Nominal LB Capacity (φc = 0.85) Ncl 50.02 kN cl 7.2.1.3 
Distortional Buckling (DB) Capacity   
Distortional Buckling Load Factor Ncr,d/Ny 2.35 From CUFSM graph 
Critical DB Capacity Ncr,d 
289.3
9 kN   
slenderness ratio for DB λd 0.652     
Nominal DB Capacity (φc = 0.85) Ncd 
101.8
2 kN cl 7.2.1.4 
Nominal Capacity of Compression Member   
Compression Buckling capacity  Nd 50.02 kN cl 7.2.1.1 
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